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 ABSTRACT OF THESIS 
 
INFLUENCE OF FLUX DEPOSITION NON-UNIFORMITY ON 
MOLTEN METAL SPREADING IN ALUMINUM JOINING BY 
BRAZING 
 
The objective of this thesis is to study the effects of flux deposition non 
uniformity on spreading of molten metal. Flux deposition non-uniformity here means as 
to whether the amount of flux deposited in a non-uniform or uniform pattern helps in the 
better wetting and spreading characteristics of the molten metal or is detrimental to the 
process. The material selection constraint to the study was imposed by selecting brazing 
of aluminum i.e., aluminum alloy melting and flow over an aluminum alloy substrate. 
The study was carried out by conducting a number of Hot Stage microscopy tests 
using aluminum silicon alloy as the filler metal and Potassium Fluoro Aluminate 
(Nocolok®) as the flux. The flux was applied in different spatial distribution patterns to 
uncover the varying effects of its distribution on spreading. The uneven pattern of flux 
deposition indicates the influence on spreading but due to the efficient spreading of flux 
prior to aluminum melting and associated fuzziness of the achieved coverage distribution 
the effects are not always conclusive. It has been concluded that non uniform flux 
deposition does not necessarily mean uneven or less uniform spreading of the molten 
liquid metal if the spreading of the molten flux is beyond the distance of ultimate metal 
spreading. This is because, in spite of uneven flux deposition, the flux melts 
approximately at 560°C-570°C and spreads on the surface of the metal thereby promoting 
appreciable spreading and wetting of the molten liquid metal that happens at temperatures 
above 577°C.  
 
KEYWORDS:  Brazing, Aluminum oxide, Flux, Hot Stage microscopy, Potassium 
Fluoro Aluminate (Nocolok®) flux. 
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Chapter 1 Introduction 
 
1.1 Brazing
Many of the products used in the modern society are assembled using permanent 
joining of two or more parts to produce structurally sound assemblies. The methods 
involved include the application of large variety of fasteners, interference type joints, 
adhesives and for the highest integrity joints many techniques under the banners of 
welding, brazing and soldering. 
By definition, “Brazing comprises a group of joining processes in which 
coalescence is produced by heating to suitable temperatures above 450°C (840°F) and 
by using ferrous and/or nonferrous filler metal that must have liquidus temperature 
above 450°C and below the solidus temperature(s) of the base metal(s)” [3]. In brazing 
the base metal is not intended to melt. Fluxes may be used to protect and assist in wetting 
of the base metal surfaces. Heat is generally supplied by thermal furnace, by chemical 
reaction, induction, torch, infrared heating etc. 
 
1.1.1 Attributes of Brazing Process [2]
A set of well defined and known attributes of the brazing process are as follows: 
• Brazed joint strength is high. The nature of the interatomic bond strength is such that 
even a simple joint, when properly designed will have strength equal to or greater 
than that of the brazed parent metal. 
• Complex shapes with greatly varied sections are brazed with little distortion. 
• Brazing makes it possible to join two dissimilar metals that because of metallurgical 
incompatibilities cannot be joined by traditional process. 
• Brazing generally produces less thermally induced distortion or warping. 
• Part alignment is easier with brazing when compared with welding. 
• Little or no mechanical finishing is required after brazing which makes post 
processing costs negligible. 
• Brazing readily tends itself to mass production environment because it is relatively 
easy to automate and the application of heat does not have to be localized as in fusion 
welding. 
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1.1.2 Brazing of Aluminum and its Alloys 
Aluminum and its alloys are brazed using practices similar to those used for 
brazing other metals except that different fluxes, different filler metals and generally 
lower temperatures are used [1]. Aluminum forms a natural refractory oxide called 
aluminum oxide that is remarkably stable and tenacious. On exposure to air a layer of 
alumina will form instantaneously on the surface of aluminum and will grow to a 
thickness of between 2 and 5 nm. On heating to 500 to 600°C the thickness of this 
surface grows to about 1000 nm. This oxide layer prevents the proper wetting of the 
molten metal on the joining surface and results in a poor joint. Therefore this oxide layer 
must be removed prior and prevented from forming at peak brazing temperature and 
hence a flux must be used and/or a vacuum brazing procedure is necessary. However the 
use of flux may create corrosion problems and environmental hazards. The fluxes that 
have been used in the past to prevent the oxide layer formation were highly corrosive, 
especially in the presence of moisture from humid atmospheres. Therefore, all flux 
residues must be removed as completely as possible. The cleaning process were very 
laborious and costly and there was always a danger that some residue will survive the 
cleaning procedures resulting in corrosion in the vicinity of the joint or turn into 
pollutants once they are cleaned off from the brazed metal surface [2] [3] [4].  
Flux deposition must be as uniform as possible. Based on the existing practices, 
the optimal amount of non corrosive Nocolok® flux is around 5-10 g/m2. It is however 
clear that this is an ideal scenario and in most cases it will not be possible to achieve the 
optimal conditions. For example, flux may be deposited in the required amount but the 
local distribution may not be uniform. The question under consideration here is whether 
or not local non uniformity of solid phase flux deposition may significantly hamper poor 
wetting of filler/clad aluminum alloy.  
Therefore this research is directed towards finding out as to whether flux 
deposition non uniformity affects the spreading and wetting of the molten metal during 
metal joining. Flux deposition non uniformity here means as to whether lesser amount of 
flux deposited in a non uniform or uniform pattern helps the wetting characteristics in the 
same manner as full flux coverage or hampers it. Aluminum over aluminum oxide 
surface is considered.    
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1.2 Aluminum Oxide
 
            Aluminum oxide (Al2O3) is a chemical compound of Aluminum and Oxygen. It is 
also referred to as Alumina for short, a name which is very common in mining, ceramic 
and material science communities. Aluminium oxide is the main component of bauxite, 
the principal ore of aluminium. Aluminium oxide is responsible for metallic aluminium's 
resistance to weathering. Alumina is mechanically durable with a hardness that is inferior 
only to that of diamond and its highest melting point reflects its highest degree of 
physical stability. Alumina is also chemically stable to the extent that it cannot be directly 
reduced to the metal by aqueous reagents. Metallic aluminium is very reactive with 
atmospheric oxygen, and a thin layer of aluminium oxide quickly forms on any exposed 
aluminium surface. On exposure to air a layer of alumina will form instantaneously on 
the surface of aluminum and will grow to a thickness of several nanometers. This layer 
protects the metal from further oxidation [58]. 
 
 
 
1.2.1 Properties of Aluminum Oxide [2] [59]
 
The various physical and chemical properties of 99.5% aluminum oxide are as 
follows 
• High compression strength of 2.945 GPa at room temperature 
• Has a high hardness of 1440 kg/mm2 
• Resistant to abrasion 
• Resistant to chemical attack by a wide range of chemicals even at elevated 
temperatures.                    
• Thermal conductivity of 25.08 W/m/K at room temperature 
• Resistant to thermal shock 
• High degree of refractoriness 
• Has a very high dielectric strength of 16.9 ac-kv/mm 
• Has high electrical resistivity of 6.3 x 108 Ωm even at an elevated temperature of 
500°C. 
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 1.2.2 Formation of Aluminum Oxide
 
            Aluminum when exposed to air tends to react with various constituents of the 
atmosphere to which it is exposed. The rate of these chemical reactions is generally 
accelerated as the temperatures are raised. The most common reaction is the oxidation 
reaction. Oxide formation on Aluminum in air is for practical purposes instantaneous, 
even at or below room temperature. These reactions result in conditions which hinder the 
production of consistently sound brazed joints. The chemical reaction for the formation 
of aluminum oxide is as follows 
4 Al + 3 O2                 2 Al2O3
 
1.2.3 Passivation layer
The passivation layer on metallic surfaces is a thin layer of oxide that forms to 
varying degrees (depending on the magnitude of the free energy of formation of the 
metallic oxide and the availability of oxygen or other species at the surface). Freshly 
exposed metallic surfaces will adsorb and react with oxygen present in the atmosphere 
almost instantaneously. One exception to this phenomenon is gold. Gold's oxide is 
unstable, as indicated by the negative value for its oxide's heat of formation. The 
following Table 1 provides a list of the heats of formation of some metal oxides in 
decreasing order. 
Table1 Heats of Formation of Some Metal Oxides [57] 
Metal Heat of Formation of Lowest Oxide (kcal/mol)        SI unit (kJ/mol) 
Tantalum                               500.1                                                             2093.8 
Aluminum                               389.5                                                             1630.8  
Chromium                               267.4                                                             1119.6 
Uranium                               256.6                                                             1074.3  
Titanium                               217.4                                                             910.2 
Vanadium                               209.0                                                             875  
Iron                               64.0                                                               268   
Gold                              -12.0                                                             -50.2 
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Metals at the top of the table like tantalum, aluminum etc form oxides quite readily while 
those at the bottom form passive layers much more slowly (or, in the case of gold, not at 
all). The toughness or robustness of the passive layer is also higher for the metals at the 
top of the table like aluminum. However, in the presence of mechanical abrasion, even 
the most tenacious passive film can be breached. Once this occurs, the surrounding 
chemistry (i.e., the availability of free oxygen) and the nature of the metal-oxide bond 
will determine the rate at which the protective layer is repaired [57].  
 
1.3 Prevention of Aluminum Oxide formation
            
Successful brazing is largely dependent on the ability of the filler to wet and 
spread on component mating surfaces. A major barrier to wetting is presented by stable 
nonmetallic films and coatings on the surfaces, particularly oxides. An aluminum surface 
that is to be brazed already has aluminum oxide on it. Therefore the brazing process must 
be capable of eliminating the existing alumina layer and also prevent alumina from 
forming during the brazing process at high temperatures. The various ways by which the 
formation of Aluminum oxide on the brazing surface can be prevented are as follows [2] 
 
1. Controlled Atmosphere (including vacuum) 
2. Fluxes 
3. Flux-less Brazing of Aluminum 
 
1.3.1 Controlled Atmosphere
 
                One of the ways to control the formation of oxides during brazing and also 
reduce oxides formation after pre cleaning during heating is to surround the braze area 
with an appropriate controlled atmosphere. Controlled atmospheres are not intended to 
perform cleaning operation like cleaning of oxides, grease, oil, dirt etc but only to give a 
protective covering which prevents the formation of oxides. Controlled atmospheres are 
used extensively for high temperature brazing. In controlled atmosphere brazing post 
braze cleaning operation is generally not required. The general technique for controlled 
atmosphere brazing can involve 
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1. A gaseous atmosphere alone  
2. A gaseous atmosphere together with a solid or liquid flux pre placed at the interfaces 
3. High vacuum 
4. Combination of vacuum and background gas atmosphere. 
 
The advantages of controlled atmosphere brazing over using fluxes are as follows [2] 
 
(i). the joint members are maintained in a clean oxide free condition when brazing is done 
in a controlled atmosphere. After brazing, the brazement can be used in the as brazed 
condition or finish machined without cleaning.  
 
(ii). controlled atmosphere brazing is particularly useful in joining complex assemblies 
like Heat Exchangers, thrust chambers and honeycomb sandwich structures. Complete 
removal of fluxes from such assemblies after brazing is difficult or impossible. However 
CAB process uses non-corrosive fluxes, so a flux may be used and need not be a residue.   
 
(iii). problems associated with flux entrapment in the brazed joint can be avoided if 
controlled atmospheres are used. However we still need to use getter agents like 
Magnesium for the process to succeed. 
 
Fluxes
            Fluxes are chemical agents that are used to prevent the formation of oxide layers 
and thereby promote wetting by the molten filler. In order for a flux to be effective in 
exposing a bare metal surface to the filler, a flux must fulfill the following functions 
(i) Remove oxides and other films that exist on surfaces to be joined before the spreading 
of the filler is initiated 
(ii) Prevent the formation of oxides during the brazing process at high temperatures 
(iii) Be displaced by molten filler metal as they later spread along the substrate 
(iv) Should not be corrosive 
(v) Should not have post brazing treatment                   
            Fluxes that are generally used for brazing of Aluminum are composed of a 
fluoride and chloride mixture of the alkaline earth elements and of Aluminum. The 
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fluxing action involves detachment of the alumina layer, resulting in the accumulation of 
oxide platelets in the flux and thus increasing its viscosity. This platelet formation has the 
undesirable feature of enhancing corrosion of the brazed components if chloride mixtures 
are used and thereby limiting the effectiveness of the flux, because partly adhered 
platelets tend to trap flux and obstruct cleaning [3]. Two main types of fluxes used for 
brazing aluminum are Chloride and Fluoride based formulations. 
 
Chloride formulations
            The active ingredients in these types of fluxes are chlorides of the alkali earth 
metals. These fluxes operate by infiltrating cracks in the alumina; upon reaching the 
metal, they proceed penetrating to undermine the oxide layer and mechanically displace 
it. The flux residues left on the work piece surfaces are highly corrosive and must be 
completely removed. 
 
Fluoride formulations
            These types of fluxes contain a mixed sodium aluminum fluoride that, when 
molten, can dissolve alumina, but the residues are the source of severe corrosion if left on 
the component surfaces. However by using Potassium rather than sodium in the 
formulation the flux can be made neutral, without compromising its ability to dissolve 
alumina. This type of flux is called Nocolok® flux and it comprises a eutectic between 
K3AlF6 and KAlF4 which melts at 562˚C (1044˚F) [56]. The flux residue does not 
corrode aluminum and therefore can be applied to mating surfaces and left there without 
the need for post treatment.   
 
1.3.2 Gaseous Fluxing of Aluminum
            Gaseous fluxing of aluminum can be achieved by using halide vapors as the 
furnace atmosphere. This approach is based on the reduction reaction [2] 
3MHa2 + Al2O3 = 2AlHa3 + 3MO 
Where Ha is the halide of the metal M. Halides are salts or compounds that are formed by 
replacing hydrogen in an acid by a metal. Chlorides, bromides and iodides of boron and 
phosphorous have been found to be particularly effective. It has been established by 
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experiment that the primary mechanism responsible for the fluxing action in this case is 
the undermining and detachment of the oxide rather than a reduction reaction, although a 
reduction reaction stage is probably responsible for initiating wetting [2]. 
 
1.3.3 “Flux less” Brazing of Aluminum
            Owing to the highly refractory character of its native oxide, aluminum is harder to 
braze without fluxes than most other metals [1] [2] [3]. However, special process has 
been developed successfully for aluminum [24] [26] [27]. A favored approach for brazing 
Aluminum without using flux is by adding a chemical that is capable of reducing the 
oxide layer on the surface and so promotes wetting by the braze. Magnesium is one 
element that satisfies this requirement as a “getter” in the presence of vacuum [54]. In 
vacuum Mg vaporizes as it reaches liquidus temperature and reacts with traces of residual 
oxygen and that absorbed in components within the chamber. The chemical reaction for 
this action is as follows [55] 
Mg + H2O              MgO + H2 
2Mg + O2                      2MgO 
Mg + CO2              MgO + CO 
           Apart from being able to reduce alumina to aluminum metal, magnesium also 
preferentially scavenges oxygen and acts as a getter for water vapor in the brazing 
environment. Other effective activating agents include yttrium, beryllium, scandium and 
alkali metals including calcium, strontium and lithium [2]. The problem with volatile 
activators including magnesium is they are not compatible with high vacuum systems. 
The vapor fouls the pumping system and spreads throughout the vacuum chamber, 
coating all surfaces. Furthermore the vapor reduces the efficiency of radiation and heat 
transfer to the assemblies being brazed and thereby increases the heating energy that is 
required.  
 The purpose of this study is to find out as to how the flux deposition non 
uniformity affects the spreading and wetting of the molten metal during metal joining. 
This is aimed to be performed by studying the spreading of the molten metal under 
various spatial distributions of flux deposited in varying quantities.        
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Chapter 2 Literature Review 
 
 
 
2.1 Brazing of Aluminum Alloys
  In brazing the filler metal is drawn into the joint by capillary attraction rather than 
being deposited in the joint. Capillary attraction is the ability of the liquid metal to rise 
into a narrow gap or passage against the force of gravity (and/or to flow under the action 
of surface tension over surfaces towards the joint gap). Aluminum brazing involves 
joining of components with a brazing clad alloy whose melting point is appreciably lower 
than that of the base alloy material. The cladding is typically placed adjacent to or in 
between the components to be joined and the assembly is heated to a temperature where 
the cladding material melts and the parent material still does not. Upon subsequent 
cooling, the cladding forms a metallurgical bond between the mating surfaces of the 
component [5]. Generally, most of the heat treatable aluminum alloys have a small 
quantity of magnesium and silicon in them and are described as the magnesium-silicide 
type. Such aluminum alloys can be brazed by most of the standard practices like torch, 
dip or furnace process. Furnace brazing may be done in air or controlled atmosphere. 
Other methods include induction brazing, resistance brazing and radiant lamp brazing 
[23]. Regardless of the process used temperature must be closely controlled for 
successful brazing [1]. In this study, the furnace brazing will be considered. 
 In automotive heat exchanger applications the cladding is most often supplied via 
a thin layer, metallurgical attached to the base alloy in the form of clad [43]. The base 
alloy provides the structural integrity while the low melting point cladding melts to form 
the brazed joints [6]. In order for any brazing process to be successful the surface of the 
brazed joint must be free from oxides and other films that can inhibit wetting by the 
molten filler metal and the formation of strong metallic bonds. The ability to remove a 
layer of oxide from a given metal depends on the ease of either physically detaching the 
film from the underlying metal or of chemically separating the oxygen ions from the 
metallic ions present in the oxide, that is the strength of the relevant chemical bonds [2] 
[46] [47] [53]. Generally we use fluxes to perform this action and eliminate the oxide 
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layer formation.  Some basic facts about Al brazing was seen in the Chapter 1. In this 
chapter a more detailed review of these phenomenons will be given. 
 
2.2 Mechanism of Oxide Formation
 Aluminum when exposed to air tends to react with various constituents of the 
atmosphere to which it is exposed. The most common reaction is the oxidation reaction. 
Oxide formation on aluminum generally happens in the air and most of the times at room 
temperature and in some cases even below that temperature. These reactions result 
ultimately in the formation of oxides or other compounds, which result in preventing the 
formation of good joints [1] [2] [8]. 
 At high temperatures Aluminum and its alloys form duplex films comprised of 
both amorphous and crystalline oxides. Alloys containing reactive alloy constituents such 
as lithium, zinc and more importantly magnesium oxidize selectively. At high 
temperatures on aluminum and its alloys, the original surface film of amorphous γ- Al2O3 
becomes permeable to oxygen ions which migrate to the oxide/metal interface. Following 
a temperature dependant induction period (at temperatures > 450°C for aluminum) the 
nucleation and growth of new crystalline oxides occurs. These oxides penetrate the metal 
substrate and starts growing laterally until stopped by growth stresses in the alloy. The 
crystalline oxides which develop on majority of aluminum alloys are not thought to 
penetrate the overlying oxide films [8]. 
 A measure of strength of the metal-oxide bond is given by the change in Gibbs 
free energy. This formation energy is sometimes referred to reciprocally as the 
dissociation potential of the oxide. 
Table 2 Gibbs free energy of formation [2] 
 
Element 
 
Oxide 
Gibbs Free Energy of 
formation, (kJ/mol O2) 
Gold Au2O3 +111 
Silver Ag2O -22 
Lead PdO -38 
CuO -180 Copper 
Cu2O -333 
 10
Nickel NiO -432 
FeO -488 
Fe2O3 -493 
Iron 
Fe3O4 -506 
Tin Sn O2 -518 
Indium In2O3 -622 
Chromium Cr2O3 -697 
Titanium Ti O2 -912 
Aluminum Al2O3 -1048 
Beryllium BeO -1163 
Magnesium MgO -1138 
Table 2 Gibbs free energy of formation [2] (continued) 
            From Table 2 we can see that the least stable or easy to break metal oxides are 
those of the noble metals like gold, silver and members of the platinum group. Therefore 
it is easy to braze or solder these metals at appropriate temperature levels as their oxide 
formation is not such a big issue. But in the case of refractory (resistant to 
chemical/physical change) metals like aluminum, magnesium and beryllium they have a 
particularly stable oxides and are the most difficult to join. Therefore some kind of flux 
must be used in order to break these stable oxides so that the molten metal can spread 
properly. 
 
2.2.1 The Role of Flux     
As discuss in Chapter 1, successful brazing is largely dependant on the ability of 
the filler to wet and spread on component surfaces. A major barrier to wetting is 
presented by stable non metallic films and coatings on the surfaces, particularly oxides 
and carbonaceous residues [2]. The function of flux was discussed in Chapter 1. Of these 
the first three functions are considered important for our analysis i.e. [2]: 
 
• Remove oxides and other films that exist on the surfaces to be joined by either 
chemical or physical means 
• Protect the cleaned joint from oxidation during the joining cycle 
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• Be displaced by the molten filler as the later spreads through the joint 
            Brazing fluxes are meant to melt before the brazing filler metal does and then to 
perform the dual functions of removing the oxide shielding the joint from air until 
bonding has taken place. Fluoride fluxes based on Potassium Aluminum Fluoride remove 
the aluminum oxide by dissolving it [8]. In the past a number of methods have been used 
for furnace brazing of aluminum assemblies. The oldest method that was used was one 
based on chloride flux. However, as mentioned earlier in section 1.3.1, the use of chloride 
flux is known to leave a corrosive residue on the surface of the work piece which then 
requires extensive post brazing treatment to obtain adequate corrosion resistance [2] [3] 
[8]. However, by using a fluoride based flux like Potassium Aluminum Fluoride the 
requirement for post braze treatment to remove the flux is eliminated. This type of flux is 
called Nocolok® flux invented by Alcan® and it comprises between K3AlF6 and KAlF4 
which melts at around 562°C (1044°F). This type of flux does not corrode aluminum and 
therefore leads to better joint surfaces. 
 
2.2.2 Mechanism of Oxide Removal
 Essentially all the brazing processes have the same objective in the use of flux 
which is to disrupt and/or remove the overlying oxide film so that the molten metal can 
spread and wet properly at the brazing temperature [7]. The flux must melt and become 
more active for brazing to occur. If the flux melts at temperatures in excess of those of 
the filler metal then thick oxide films develop on the liquid filler alloy which can inhibit 
the action of the flux [7]. 
 Monochromatic lights were used to examine pure aluminum samples that were 
dipped in various liquid fluxes based on chloride/fluoride salt mixtures. It was thought 
that the oxide film was undermined as the result of an electrochemical reaction at the 
oxide/metal interface because interference fringes were observed on the surface of Al as a 
result of gap between oxide and metal substrate due to penetration of flux [8]. 
The anodic reaction at the metal is 
                            Al                 Al3+ + 3e-
and the cathode reaction at the oxide is 
O2 + 4 e-                          202 -
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Although the fluxes remove the oxide film on aluminum it has been shown that little or 
no dissolution of the oxides occurs when aluminum alloy is immersed in either chloride 
or fluoride molten salt mixtures [8]. 
            Zhang et al [7] have done a study of oxide film removal in aluminum brazing by 
observing the microstructures and scanning the fillet formation. During the brazing 
process the F- ions contained in the flux are absorbed by the aluminum located in the 
structure of the film to form AlF63+ which swells up the O atom skeleton so as to cause 
the breaking of the films. The flux penetrates through the opening window into the film 
beneath and some oxidants contained in the flux participate in the reactions which result 
in the increase in the valance of the substrate aluminum. This causes disintegration of the 
attachment between the film and substrate and thus the oxide film is loosened. The final 
removal of the oxide film is effected by the spreading of the molten filler metal [7].   
 
2.3 Potassium Fluoro Aluminate Flux (Nocolok®): 
 A state of art process called Controlled Atmosphere Brazing (CAB) was 
developed by Alcan, using flux under their trade name Nocolok®, as a non corrosive flux 
brazing process and is now established as the most widely accepted process for brazing of 
Aluminum heat exchangers [6] [15] [56]. The more precise chemical name for Nocolok® 
flux is Potassium fluoro aluminate with the generic chemical formula of KxAlyFz. These 
salts and melts at 562°C (1044°F). 
 Nocolok® Flux is widely produced in the liquid phase using Al(OH)3, HF and 
KOH as raw materials. It is a fine white powder consisting of a mixture of the Potassium 
Flouro Aluminate salts [56].  
  
 
Table 3 Physical Properties of Nocolok® flux [56] 
 
Appearance white powder 
Density (20 °C) kg/m3 0.2, 0.8 
Bulk density kg/ m3 35-55 
Melting point °C 565 – 572 
Solubility in water (20 °C): kg/ m3 0.4, 0.5 
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            During the brazing process the flux, a fine powder with roughly a 200 mesh 
particle size begins to melt at a temperature of 566°C which is just below the melting 
point of the brazing alloy and is completely molten at the brazing temperature of 600°C. 
The molten flux reacts with the aluminum oxide skin to promote the brazing process but 
it does not attack either solid or molten aluminum [1] [10] [12]. 
The flux used in the Nocolok® process is essentially insoluble in water. When 
applied to the Aluminum materials to be brazed as an aqueous slurry the flux adheres to 
the surface sufficiently well to withstand vibration during transport from one location in 
the plant to another. Neither the flux nor the flux residue is hygroscopic or subject to 
hydrolysis in aqueous media. Thus in contrast to chloride flux both the shelf and pot life 
of Nocolok flux are indefinite [12]. 
 
 
2.3.1 Sequence of chemical reactions in CAB brazing using Nocolok® Flux
 
Initially decomposition of the flux occurs around 450 K resulting in the formation 
of water molecules [21]. 
K2AlF5. H2O                  K2AlF5 + H2O         @ > 450K 
 
The next reaction is the decomposition of flux resulting in the formation of potassium 
fluoride and aluminum-tri-fluoride. 
 
KAlF4                   KF + AlF3 
 
The ionization energy (dissociation energy) of the compound is found to be 13.6  
Electron-volts (1256.271 KJ/mol) [19]. 
Later this aluminum-tri-fluoride reacts with moisture present in the system resulting in 
the formation of Hydrogen Fluoride and Alumina. The reaction of substrate with HF 
result in the formation of etches. Etches are formed around 723 K [8]. 
 
2 AlF3 + 3 H2O                 Al2O3 + 6 HF 
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2.4 Problems with Nocolok® Flux:  
            Nocolok® flux brazing has been used as the principal brazing process to braze 
various products, in particular compact heat exchanger components such as radiators by 
the major heat exchanger manufacturers. Major problems that have arisen from the 
Nocolok® process have been flux cost and the damage that flux causes to the furnaces 
[13]. Also, handling of effluents containing HF is a serious concern and requires efficient 
solutions (for example, addition of scrubbers). Consequently, most of the major heat 
exchanger manufacturers have been trying to reduce flux consumption. If materials 
existed that resulted in lower flux consumption while creating stronger joints, this would 
represent an advantage in CAB processes.  
 The possible ways by which HF is generated as a by product of the reaction is as 
follows [16] 
3 KAlF4 + 3 H2O                   K3AlF6 + Al2O3 + 6 HF 
2 KAlF4 + 3 H2O                   2 KF + Al2O3 + 6 HF 
There is also another possible way in which HF is generated where the AlF3 dissolved in 
the flux melt is subject to hydrolysis according to the following reaction [16] 
2 AlF3 + 3 H2O                     Al2O3 + 6 HF 
           The HF component causes fluxes to be irritating to the finger nails and skin tissues 
[14]. Furthermore, when Hydrogen Fluoride is released at brazing temperature it irritates 
the mucous membranes and the lungs and has long term harmful effects on the bones and 
tissues [14]. According to a Primary Skin Irritation studies done by Baskin and Bemis 
[14] flux with Potassium Bifluoride had a Primary Dermal Irritation Index (PDII) of 5.9 
and flux without Potassium Bifluoride had a PDII of 1.5 (the non corrosive/corrosive 
dividing measurement is 5). Therefore the best way to reduce the toxic HF is to eliminate 
fluorides or reduce the amount of flux that is being used. However the problem arises 
from the fact that if we use Nocolok flux then it is not possible to eliminate the fluorides 
 15
as it is the most important component in the flux. So we must try to reduce the amount or 
density of flux that is used in the process so the emission of toxic HF is reduced. But by 
reducing the amount of flux being used we may lead to other problems like some areas 
covered with more flux than others which may lead to uneven spreading or some oxide 
layer still remaining in the substrate hence hindering the flow of molten metal. Therefore 
the purpose of this study is to find out as to what effect the flux deposition non 
uniformity has on the spreading of the molten liquid metal.  
            After the brazing process is over, at the peak brazing temperature and during the 
cooling stage, the molten filler metal solidifies to form the brazed joint. The flux that is 
present on the surface of the metal also solidifies and remains within the residues. The 
corrosion resistance requirements of evaporators and heat exchangers have become more 
stringent in the recent years and manufacturers use an external conversion coating, to 
increase the corrosion resistance of the parts [11]. In order to obtain a uniform coating the 
surface must be free of any flux or other residues. Usually an Etching process with acids 
is carried out as posts braze treatment process to remove these residues. Rajagopalan et al 
[11] used a Nitric acid based deoxidizer as an etching agent and Titanium based 
conversion coating in their study. Although the acids remove most oxides they do not do 
a good job with respect to the flux residues. Hence the coating is applied to a surface that 
still contains flux residues. When the coating is applied on a surface containing flux 
residues the reaction between the coating chemicals and the aluminum surface is reduced. 
The chemicals react with the flux residue and form a coating on the flux layer [11]. 
Hence this results in the corrosion resistance of the parts to be reduced. 
            There is a myth in the industry which is “more flux is better” [16]. Though this 
may be true in the sense that it may give good brazability, it may lead to lot of problems 
associate with it. Over fluxing can result in excess post braze flux residue. Flux Drips or 
visible crystalline residues can form on the product and downgrade its appearance. Over 
fluxing can also lead to a rapid flux build up on the fixtures and increase the maintenance 
costs. Also, more flux results in the wastage of flux which ultimately results in increased 
costs [16]. 
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            Nocolok® brazing flux gives poor brazability for Magnesium containing base 
metals [9] [10]. The reason for poor brazability is based on the formation of compounds 
due to the reaction between Magnesium and the flux. The reaction results in the 
penetration of the flux into the base metal. Mechanical properties, including fatigue 
strength deteriorates as the penetration goes along the grain boundaries and results in the 
failure of the joint. However, this problem is not taken into consideration in this study 
because magnesium in Al 3003 substrate selected for all the tests is in a very small 
amount and hence the problem can be neglected.  
2.5 Current Research 
            Based upon all the facts mentioned above as the drawbacks of using Nocolok® 
flux lot of research has been going on trying to reduce or completely eliminate the use of 
this flux. Most of the research, [17][18][19][20][21] has been concentrated on using a 
fluxless environment for brazing and also some work [9][10] has been done in finding an 
alternate flux to Nocolok®. Shirzadi et al [17] have developed a new patented approach 
where aluminum alloys are diffusion brazed in a fluxless environment in the presence of 
Gallium. Humpston and Jacobson [19] have indicated in their work a fluxless soldering 
process that is required for joints in high performance and aerospace electronics where no 
contamination is allowed from flux residues or cleaning agents. This study is related to 
the case in hand because the purpose of flux in both soldering and brazing is to prevent 
the oxide layer formation thereby improving wetting. The study also indicates that the 
method can be applied for materials considered in this analysis, that is, aluminum. 
Takemoto et al [10] have mentioned in their research work that when brazing aluminum 
which contains appreciable amount of Magnesium in it using a CsF-AlF3 instead of the 
regular Nocolok® flux, gives better brazability. This has also been mentioned in the work 
of Songbai et al [9]. There is not much research work done to the best knowledge of the 
author on the spreading of flux front or its characteristics. 
            Kinetics of spreading is an important fundamental aspect of flux capability to 
efficiently aid oxide removal. Correspondingly, understanding of spreading of liquids 
over substrates is of high importance. One of the important models of spreading follows 
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the Tanner’s law. Tanner [37] [36] has studied in his works spreading of silicone oil 
drops on horizontal surfaces. However, this case is different from the one on hand 
because here not only the system is different, but, the sessile drop changes or spreads 
with the presence of change in temperature. Tanner considered it to be a single non 
reactive drop. Zhao et al [35] had done the most recent work comparing kinetics of 
molten aluminum spreading with Tanner’s law, but in their work they considered only an 
axy symmetric configuration with no angular dependence of the sessile drop flow. In this 
case, angular directions were considered and applicability of Tanner’s law to the current 
case was investigated. 
2.6 Summary
            Based upon all the sources that have been reviewed, it is clear that brazing of 
aluminum is difficult because of its ease of oxide formation which prevents the wetting 
and flow of the molten metal. Therefore, in order to improve the wetting and spreading 
characteristics one must use flux. The most frequently used flux is the fluoride based 
Potassium Fluoro Aluminate flux or commonly called Nocolok® flux. However as we 
have seen from the literature there is a number of problems both physical and 
environmental that are associated with the use of this type of flux. Lot of work is being 
done to try and reduce the amount of Nocolok® flux used in the brazing process. 
However there are no clear guidelines regarding quantitative non uniformity of flux 
distribution before brazing. 
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Chapter 3 Experimental observation of metal spreading 
 
3.1 Experimental Materials
The filler material that was considered for this study is a hypo eutectic aluminum 
alloy. The main reason for the selection of aluminum is the fact that aluminum alloys are 
the most used materials in the automobile industry for heat exchangers. The experiments 
are designed for aluminum samples in the form of filler discs positioned on the substrate. 
The filler piece is made up of AA 4343 with 8% Silicon. The Substrate is made up of AA 
3003 with a very little presence of Manganese.   
 
3.2 Experimental Setup
 The filler/substrate assembly that was considered for all the four hot stage 
experiments are presented below in Fig 3.1. The purpose of a series of experiments is to 
gain an insight into the mechanism of spreading of molten filler during brazing and the 
influence of flux action. Exposed to pre defined temperature-time heating, circular disks 
of solid filler metal were subsequently exposed to melting and spreading while both 
processes were monitored in real time. 
                                                      
                                                
AA 3003
AA 4343
 
 
 
 
 
 
 
 
 
AA 3003
AA 4343
    (a) Full Flux coverage                                                                     (b) Half Flux coverage                                                  
Fig 3.1 Filler/Substrate assembly 
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AA 4343 AA 4343
AA 3003 AA 3003
 
(c) Quarter Flux coverage                                                                    (d) No Flux Coverage 
 
 
 
Flux cover  No flux in solid state prior to melting 
 
Fig 3.1 Filler/Substrate assembly (continued) 
            All the experiments were carried out in a Hot Stage microscopy system, shown in 
Fig 3.2. The apparatus consists of a working chamber (Test chamber) which is supplied 
with ultra high purity nitrogen (99.999% pure) flow. The heating and cooling controller is 
manufactured by Linkam and it uses a silver block as a heater/cooler source/sink. It 
delivers heating/cooling by a mechanism of conduction to a base plate (Joule heating or 
LNG cooling) with temperature stability better than 0.1 K. Temperature reading 
uncertainty is primarily caused by thermal contact resistances. Calibration of the system 
is continuously verified monitoring the melting range of flux before reaching the peak 
brazing temperature. 
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         (a) Hot Stage equipment                                                                    (b) Test Chamber 
 
 
                                                   (c) Heating/Cooling controller 
                                                  
Fig 3.2 Test Apparatus 
            This test chamber is observed by a microscope which in turn is connected to a 
digital camera. Digital imaging capturing speed covered the range between 10 and 50 
frames/sec. The digital camera is attached to a computer which is used to run the Pax-It® 
image capturing software. A Heating and Cooling controller is used to control heating 
and cooling ramp rate. The chamber is supplied with LNG through a LNG Dewar 
reservoir. 
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Fig 3.3 Hot Stage microscopy system setup 
 
Experimental Procedure 
                               
            As had been indicated earlier, four types of experiments were carried out. 
(Aluminum alloy as the test material with the potassium fluoro aluminate flux applied in 
various spatial distributions). The experimental data obtained from each of these 
experiments were further studied to identify various aspects of the flux distribution non 
uniformity and their influence over spreading and wetting characteristics of molten metal. 
 The procedure for preparing the samples and running the experiments was as 
follows: 
1. Preparation of filler (Diameter of clad 1.8 mm, thickness 0.33 mm) 
2. Preparation of substrate (AA3003 with dimensions of 10x10x0.4 mm) 
3. Fluxing (Nocolok® flux with a density of 5-10 g/m2)  
4. Position in the chamber 
5. N2 gas flow (40 cm3/min for 4 hours, Normal state) 
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6. Test cycle execution (capturing of movies) 
7. Sample removal 
8. Data analysis (Velocity calculations for molten metal and flux front) 
 
 The movies obtained from the hot stage experiments were used to get still images 
of molten spreading metal which were further used to calculate the velocity of the molten 
liquid metal and spreading front profiles. The velocity was calculated by using the 
velocity definition i.e., dx/dt where dx represents the differential change in the radius of 
the sessile drop and dt is the corresponding differential change in the elapsed time. This 
study was performed with the help of the Image Pro® software.  
 
The main purpose of this study, as implied earlier was to find out whether the non 
uniform flux distribution had any effect on the velocity with which the molten metal 
proceeds in various directions.  
 
 The set of images for 5 different temperatures, namely room temperature, 590°C, 
593°C, 598°C and 600°C. Their contour plots were drawn using Microsoft Word 
software. The way it was done is by inserting a picture for a particular temperature into 
the Word document. Then, by using the free form drawing tool the contour of the 
spreading molten metal front was traced. Then, this contour was cut and pasted in another 
document. The same steps were carried out for the remaining four temperature ranges for 
a particular case and all these contours were plotted on a common axis. The same 
procedure was carried out for all the four hot stage experiment cases. This was done in 
order to compare the spreading patterns for various spatial distributions of flux. 
 
            Ultimately, the applicability of Tanner’s law was studied by assuming an 
exponent value n of 10. The respective R vs. t graphs and linear plots for R10 vs. t were 
drawn taking into consideration eight different angles, namely 0°, 45°, 90°, 135°, 180°, 
225°, 270° and 315°. 
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Θ = 0
Θ = 45
Θ = 90
Θ = 135
Θ = 180
Θ = 225
Θ = 270
Θ = 315
Θ
 
 
 
 
 
Fig 3.4 Measurement angles 
 
            By studying the real time videos and associated individual frames it was found  
that, apart from the movement of the molten metal the flux melts at a temperature of 
570°C-575°C and spreads in the form of a front prior to molten metal front spreading. A 
study of thin flux film movement over the substrate was conducted by selecting 
individual frames and plotting the flux front movement in order to find out the eventual 
effect of this flux front movement on the spreading of the molten liquid metal. 
     
 
 
 
 
 
 
 
 
 
 
Copyright © Ramnath Narayanaswamy, 2006 
 24
Chapter 4 Hot Stage Experiments  
4.1 Hot Stage Experiment 1 (Almost full flux coverage case) 
 
Sample Preparation: 
                 The sample was prepared imposing as uniform flux coverage on all areas of 
the clad and substrate as possible. A microscope image of the sample before brazing is 
shown below 
AA 3003
AA 4343
 
Sample Description:  
Clad Piece: AA 4343 with 8% silicon 
Substrate:   AA 3003  
Flux:           Potassium Flouro Aluminate  
Amount used: 0.0010 g; Flux density: 10 g/m2 (Den = m/A = 0.001/0.01x0.01= 10 g/m2) 
Nitrogen flow rate: 40 cm3/min for 4 hours, Normal state 
Time Vs Temperature
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 2nd rump up rate value 
1st rump up rate value 
Dwell @ peak 
Quench  
0 s; 300 K 
NN s; 300 K 
End of velocity calculations 
Start of Velocity calculations 
                       Fig 4.1 Heating and cooling ramp cycle 
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Experiment Description   
The sample assembly was heated a rate of 50◦C/min up to 560◦C. The flux starts 
to melt at approximately 560-565◦C. The clad starts to spread at approximately 590◦C. 
The molten metal was kept at 600◦C for 2 min. It was then forced to cool to room 
temperature at a rate of 100◦C/min. The solidus temperature of this alloy is 577◦C. 
 
Analysis 
Initially, the velocity of molten metal spreading was found to be more dominant 
in the angle range of 315◦ to 90◦ (Ref graph for time 665 and 666 sec). Then the spreading 
was more pronounced in the angle range 90◦ to 315◦ (Ref graph for frame corresponding 
to time 667 sec). Subsequently the velocity increased in the angle range of 45◦ to 135◦ 
(Ref graph for time instants 668, 669, 670, 671 and 672 sec). After this there was no 
major change in the front movement during the reminder of time until solidification 
starts. 
 
Conclusion 
           The velocity of spreading in various directions was calculated and it was found 
that though the velocity of spreading at a particular instant of time may not be the same in 
all the directions it seems to be overall uniform in all the directions. This condition may 
be attributed to almost uniform distribution of flux over the surface of substrate and 
almost uniform conditions for spreading over the substrate. 
 
4.1.1 The instantaneous frames of the spreading metal 
 
The images for this study were obtained from high speed videos captured at 
around 20 frames per second. The images were then imported into Image Pro® software 
to calculate the distance of the spreading of the molten metal at particular intervals of 
time. Ultimately the triple line velocities were calculated as provided in section 4.1.2. 
The instantaneous images taken in real time correspond to the velocity graphs according 
to the key as follows: micro-photograph image 13569 corresponds to velocity graph for 
664 sec and so on. 
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                      13549                                           13569                                            13589 
 
 
                      13609                                           13629                                            13650 
 
 
                      13671                                            13691                                           13711 
 
 
                     13731                                             13751                                           13771 
 
Fig 4.1.1 Instantaneous frames of the spreading metal  
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                      13791                                            13811                                           13831 
 
 
                      13852                                            13873                                           13894 
 
 
                      13915                                           13936                                             13957 
 
 
                      13978                                            13999                                           14020 
 
Fig 4.1.1 Instantaneous frames of the spreading metal (continued) 
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                      14041                                           14061                                             14081  
 
 
Fig 4.1.1 Instantaneous frames of the spreading metal (continued)  
 
4.1.2 Velocity Graphs 
 
The velocity graphs were plotted using the values obtained from the Image Pro® 
software and then imported them into Microsoft Excel. The time interval considered was 
1 second. Note that each graph corresponds to an instant of time that is related to a single 
frame. For example, the graph for time 664 sec corresponds to image 13569 and so on. 
 
 
 
Data for all the graphs in Appendix A titled Data for Velocity graphs (Full flux 
coverage) 
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Fig 4.1.2 Velocity Graphs for full flux coverage case  
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Fig 4.1.2 Velocity Graphs for full flux coverage case (continued) 
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Fig 4.1.2 Velocity Graphs for full flux coverage case (continued) 
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Velocity Graph Discussion 
As seen, for example from the grap  
movement in any direction around that instant of
however a rapid increase of the front ve  
angle range θ ∈ (135,315) and 0.0044 mm
until the instant of time at 689 sec with front  at 
various loc t. Due to 
the artifact in software handling sometimes the lines in the graph may appear darker 
. 
h for the time instant 664 sec there is no front 
 time. After a second at 665 there is 
locity to between 0.1-0.3671 mm/s within the
/s in the direction θ =45. Spreading is visible 
 still moving at a couple of instances
ations of the triple line after which there is no movement of the fron
though there is no spreading of metal (see graphs for time 664, 680, 683 and 688 sec)
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Fig 4.1.2 Velocity Graphs for full flux coverage case (continued) 
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4.2 Hot Stage Experiment 2 (Half Flux Coverage) 
 
Sample Preparation 
  The substrate was covered with flux in only one half of the sample approximately 
in the angular regions covering 270  to 90 . The clad was covered with almost uniform 
flux. A microscope image of the sample before brazing is shown below 
◦ ◦
 
Sa  Description 
Clad Piece: AA 4343 with 8% silicon 
Substrate:   AA 3003  
mple
Flux:            Potassium Fluoro Aluminate  
Amount used: 0.0010 g; Flux density:  10 g/m2 (Den = m ) 
Nitrogen flow rate: 40 cm3/min for 4 hours, Normal state 
 
AA 4343
AA 3003
/A = 0.001/0.01x0.01=10 g/m2
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                       Fig 4.2 Heating and cooling ramp cycle 
 
Start of Velocity Calculation 
Dwell @ Peak 
End of Velocity Calculations 
Quench 
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Experiment Description   
The sample assembly was heated at the rate of 50◦C/min up to 560◦C. The flux 
starts to melt a -5  starts to spread at approximately 
590◦C. The molten me t 600◦C for 2 min. It was then forced to cool to room 
temperature at a rate of 100◦C
 
 
Analysis 
 In this particular test the flux was covering the work piece over only one half of 
the clad and substrate surface. Initially the molten metal started spreading in the angle 
range of 315◦ to 90◦ (Ref graph for time instants 662 and 664 sec). Then the velocity of 
the molten metal was found to be more predominant in the angle range of 225◦ to 0◦ (Ref 
). After this t ere was no major 
crease in the front movement until solidification started. 
Conclu
 spreading characteristics (because of the either poor 
moval of the existing, and/or formation of the new oxide layer). 
4.2.1 The ins
65◦C. The cladt approximately 560
tal was kept a
/min.  
graph for time instants 665, 666, 667, 668, 669 and 670 h
in
 
sion 
            Since only half of the surface of the clad and substrate was covered with flux 
spreading was more in the region that was covered with flux. The region that was not 
covered with flux did not have good
re
         
tantaneous frames of the spreading metal 
The following are the images used for the velocity calculations. The instantaneous 
image 3361 taken in real time corresponds to graph 662 sec in section 4.2.2 and so on. 
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Fig 4.2.1 Instantaneous frames of the spreading metal  
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Fig 4.2.1 Instantaneous frames of the spreading metal (continued) 
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Fig 4.2.1 Instantaneous frames of the spreading metal (continued) 
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Fig 4.2.1 Instantaneous frames of the spreading metal (continued) 
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                 4182                                        4202 
 
Fig 4.2.1 Instantaneous frames of the spreading metal (continued) 
 
 
4.2.2 Velocity Graphs 
The velocity graphs for the half flux coverage case is as follows. Note that each 
graph corresponds to an instant of time that is related to a single frame. For example the
raph for
 
 
 
 
g  time 662 sec corresponds to the image 3361 and so on. 
Data for all the graphs in the Appendix B titled Data for Velocity g
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Fig 4.2.2 Velocity Graphs for half flux coverage case  
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Fig 4.2.2 Velocity Graphs for half flux coverage case (continued) 
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Fig 4.2.2 Velocity Graphs for half flux coverage case (continued) 
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Fig 4.2.2 Velocity Graphs for half flux coverage case (continued) 
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Fig 4.2.2 Velocity Graphs for half flux coverage case (continued) 
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Velocity Graph Discussion 
As we can see from the graph for time instant 662 sec there is rapid increase of the front
/s in the angle range θ ∈ (90,270). Then at 666 and 
 the front in the angular range of θ ∈ (315, 90). 
 spreading till 674 sec and then there is no front move
is slight increase of velocities. Due to the artifac
in the graph may appear darker eventhough 
 
velocity to between 0.09-0.1266 mm
668 sec we can see there is movement of
After this there is variable ment 
except for a few instances when there t 
in software handling sometimes the lines 
time 672, 674, 675, 677, 679, 680, 682, 683, 
697, 698, 699 and 700 sec). 
 
 
 
 
there is no spreading of molten metal in the various angular directions (see graphs for 
684, 686, 687, 690, 692, 693, 694, 695, 696, 
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Fig 4.2.2 Velocity Graphs for half flux coverage case (continued)
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4.3 Hot Stage Experiment 3 (1/4th Flux Coverage)  
 
Sample Preparation 
  The substrate was covered with flux in only one quarter of the sample 
approximately in the angular regions covering 90◦ to 180◦. The clad was covered with 
almost uniform flux. The microscope image of the sample before brazing is given below 
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Sample Description: 
Clad Piece: AA 4343 with 8% silicon 
Substrate:   AA 3003  
Flux:      
Amount used: 0.0010 g; Flux density:  10 g/m  (Den = m/A = 0.001/0.01x0.01=10 g/m ) 
Nitrogen flow rate: 40 cm3/min for 4 hours, Normal state 
AA 4343
AA 3003
      Potassium Fluoro Aluminate  
2 2
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                    Fig 4.3 Heating and cooling ramp cycle 
 
Quench 
Dwell @ Peak 
End of Velocity Calculations 
Start of Velocity Calculation 
Experiment Description   
 was heated a rate of 50◦C/min up to 560◦C. The flux starts 
ity in the front movement until solidification started. 
 
onclusion 
              Since only 1/4th of the surface was covered with flux spreading was more in the 
gion that was covered with flux. The region that was not covered with flux did not have 
ood spreading characteristics because of the formation of the oxide layer.  
4.3.1 The instantaneous frames of the spreading metal
The sample assembly
to melt at approximately 560-565◦C. The clad starts to spread at approximately 590◦C. 
The molten metal was kept at 600◦C for 2 min. It was then forced to cool to room 
temperature at a rate of 100◦C/min.  
Analysis 
   In this test only 1/4th of the clad and substrate was covered with flux. Initially 
the molten metal spread very equally in all the directions (Ref graphs for time instants 
639, 640, 641, 642 sec). After this the velocity of spreading was more in the angle range 
of 0◦ to 135◦ (Ref graphs for time instants 643, 644, 646 and 647 sec). After this there was 
no major change in the veloc
C
  
re
g
 
 
g are the images used for calculating velocity. The image 13950 
 
The followin
corresponds to graph for time 638 sec and so on. 
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Fig 4.3.1 Instantaneous frames of the spreading metal  
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Fig 4.3.1 Instantaneous frames of the spreading metal (continued) 
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Fig 4.3.1 Instantaneous frames of the spreading metal (continued) 
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Fig 4.3.1 Instantaneous frames of the spreading metal (continued)  
4.3.2 Velocity Graphs
 
 
The velocity graphs for the quarter flux coverage case is as follows. The graph for 
e 638 sec corresponds to image 13950 and so on. 
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Fig 4.3.2 Velocity Graphs for 1/4 flux coverage case  
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Fig 4.3.2 Velocity Graphs for 1/4 flux coverage case (continued) 
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Fig 4.3.2 Velocity Graphs for 1/4 flux coverage case (continued) 
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Fig 4.3.2 Velocity Graphs for 1/4 flux coverage case (continued) 
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Fig 4.3.2 Velocity Graphs for 1/4 flux coverage case (continued) 
Data for all the graphs in Appendix
C titled Data for Velocity graphs 
(Quarter flux coverage) 
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Velocity Graph Discussion 
  As seen form the graphs initially there is rapid increase in the front movement in 
all the directions from 638 sec to 643 sec in between 0.0127-0.1567 with the angular 
regions θ ∈ (315,90) having a slightly higher front movement when compared to others. 
After this there is variable spreading till 651 sec and then there is no front movement 
except for a few instances when there is slight increase of velocities. Due to the artifact 
in softwa eventhough 
there is no spreading of molten metal in the various angular directions (see graphs for 
time 648, 652, 657, 667, 668, 669, and 670 sec). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © Ramnath Narayanaswamy, 2006 
re handling sometimes the lines in the graph may appear darker 
 
 53
4.4 Hot Stage Experiment 4 (No Flux Coverage) 
Sample Preparation 
No flux was applied on the substrate. There was no flux coverage on the clad also. 
Both surfaces were left flux free in order to observe the true effect of oxidation. The 
microscope image of the sample before brazing is given below 
 
AA 4343
Sample Description 
Clad Piece: AA 4343 with 8% silicon 
Substrate:   AA 3003  
Flux:            Potassium Flouro Aluminate  
Amount used: No flux; Flux density:  No flux 
Nitrogen flow rate: 40 cm3/min for 4 hours, Normal state 
 
AA 3003
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Time vs Temperature
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                      Fig 4.4 Heating and cooling ramp cycle 
 
 
End of Velocity Calculations 
Dwell @ Peak 
Quench 
Experiment Description   
The sample assembly was heated a ra ts 
to melt at approximately 560-565◦C. The cla ximately 590◦C. 
There was no apparent spreading of clad or substrate that was observed in this case. The 
molten metal was kept at 600◦C for 2 min. It was then forced to cool to room temperature 
at a rate of 100◦C/min.  
 
Analysis 
          In this test both the clad and the substrate were not covered with flux. There was 
the molten metal in any of the directions (Ref graphs for time 
4.4.1 The instantaneous frames of the spreading metal
te of 50◦C/min up to 560◦C. The flux star
d starts to spread at appro
  
no appreciably spreading of 
instants 730, 739 and 752 sec). 
 
 
Conclusion 
            Since there was no flux coverage on both the clad and the substrate there was no 
appreciably spreading of the molten metal in any of the directions. The absence of flux 
coverage enhanced the formation of oxide layer which ultimately prevented the spreading 
of the molten metal. 
 
The images used for the calculation of velocity are as follows 
3387                                                         3587 
 
 
 
Fig 4.4.1 Instantaneous frames of the spreading metal  
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3768                                                    4029 
 
Fig 4.4.1 Instantaneous frames of the spreading metal (continued) 
 
 
 
4.4.2 Velocity Graphs 
 
The velocity graphs for the no flux coverage case is as follows
 
 
 
 
  
 
For Time 730 sec
1 90
45
315
270
225
0.001 0180
0.01
0.1135
Angle in Degrees 
Velocity in mm/sec 
Data for all the graphs in the Appendix D titled Data for Velocity graphs (No flux 
coverage) 
Fig 4.4.2 Velocity Graphs for No flux coverage case  
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For Time 739 sec
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0
315
270
225
135
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Velocity in mm/sec 
For Time 752 sec
0.001
1 90
0
315225
180
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0.1 45
270 Angle in Degrees 
Velocity in mm/sec 
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n
 
 
Velocity graph discussio
Fig 4.4.2 Velocity Graphs for No flux coverage case (continued) 
 
As we can see form the graphs there is no front movement at all in any of the 
. This can clearly be attributed to the fact that the absence of flux resulted in the 
 frames. Due the artifact in software handling 
metimes the lines in the graph may appear darker eventhough there is no spreading of 
olten metal in the various angular directions (see graphs for time 730 and 752 sec). 
 
  
directions
formation of oxide layer which in turn prevented the spreading of the molten liquid 
metal. The very small velocity measurements seen in the graphs may be caused due to 
measurement uncertaineity between
so
m
 
 
 
  
Chapter 5 Spreading Contour Plots 
5.1 Introduction 
           eriments it can be 
bserved that in the first three cases (cases with different spatial flux distribution 
patterns) though the v  all the directions at 
any particular instant of time the molten metal still moved with an appreciable velocity in 
all the directions. In order to make this observation easier to be noticed, the spreading 
contour images of the molten metal for the four cases were constructed at five different 
temperature levels and their plots compared. 
 The five different temperature levels selected were (i) the room temperature (to 
get an initial plot), (ii) 590°C (the start of spreading), (iii) 593°C, (iv) 598°C and (v) 
600°C (kept at this temperature for 2 min). Once these images were selected, their 
contour plots were pe and free 
rm tool and the contour of spreading of the molten liquid metal was plotted. Then, 
ese five plots for a particular hot stage experiment were placed within a common 
coordinate system to ge t case. The plots were 
made by exactly determining the locations of contours at distinct angular positions, and 
then these points were connected by straight lines. No exact tracing of the contours was 
needed.  
 After drawing the contour plots for all the four cases it can be easily concluded 
that there is no spreading in the “No flux” case. In the remaining three cases namely full 
flux coverage, half flux coverage and ¼ flux coverage cases we can see that there is an 
appreciable spreading of the molten metal in most of the directions irrespective of the 
initial pre un orm 
preading can still be noticed from case to case with apparently random variations within 
e 2 domains. This can be attributed to an efficient movement of the molten flux front 
discussed in detail in chapter 7). From this study we can conclude that although flux 
rm in solid state prior to melting of flux, upon melting the flux 
iple line moved away from the filler significantly so not to notice the impact of the 
origina
 After drawing the velocity graphs for the four hot stage exp
o
elocity of the molten metal was not the same in
 determined by using Microsoft Word software’s auto sha
fo
th
t a complete contour plot for a particular tes
sence or absence of the solid powder flux. Some determination of if
s
th
(
coverage was not unifo
tr
l non uniform flux distribution. 
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Color Temp 
 
 
 
 Room Temp 
 590
◦C 
 593
◦C 
 598
◦C 
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◦C 
 
 
 
 
 
 
Fig 5.1 Spreading contour plots for almost full flux coverage case 
 
0
0.5 1.0 1.5 0.51.0 1.5 2.0 
0.5
1.0
1.5
0.5
1.0
1.5
 5.2 Hot Stage Experiment 1 (Almost Full Flux coverage)  
All measurements in mm 
 
case taken over five different temperature regions. The resulting figure shows that there is 
good spreading of molten metal in all the directions overtime.  
      The following graph is the spreading contour plot for almost full flux coverage 
N
S 
E W 
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Color Temp 
 U5.3 Hot Stage Experiment 2 (Half Flux Coverage)
 Room Temp 
 590
◦C 
 593
◦C 
 598
◦C 
 600
◦C 
 
 
 
 
Fig 5.2 Spreading contour plots for half flux coverage case 
 
 
0
0.5 1.0 1.5 0.51.0 1.5 
0.5
1.0
 
1.5
The following graph is the spreading contour plot for half flux coverage case taken 
over five different temperature regions. The resulting figure shows that there is more 
spreading of molten metal in one half of the plot namely NW and NE quadrants of the plot 
when compared to the other quadrants although it can be concluded that there is still an 
appreciable spreading in all the directions. 
0.5
1.0
1.5
E W 
N
S All measurements in mm 
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5.4 Hot Stage Experiment 3 (1/4th Flux Coverage) 
 
 
 
 
 
 
 
Color Temp 
 Room Temp 
 590
◦C 
 593
◦C 
 598
◦C 
 600
◦C 
 
Fig 5.3 Spreading conto
 
ur plot for ¼th flux coverage case 
0
0.50.5
0.5
1.01.0 
1.0
1.5 
1.5
1.5 
S 
0.5
1.0
1.5
All measurements in mm 
ng graph is the spreading contour plot for 1/4thThe followi flux coverage case 
ta
m
qu
is
ken over five different temperature regions. The resulting figure shows that there is 
ore spreading of molten metal in some regions of the plot namely the NW, SW and SE 
adrants of the plot when compared to the other although it can be concluded that there 
 appreciable amount of spreading in all the directions. 
N
E W 
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U5.5 Hot Stage Experiment 4 (No Flux Coverage)
 
 
 
 
 
 
 
Color Temp 
 Ro p om Tem
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Fig 5.4 Spreading contour plot for no flux coverage 
 
 
case 
 
0
0.50.5
0.5
0.5
1.0
1.0
1.0 
1.0
Note: Difference 
should be due to 
measurement 
uncertainty  
 
All measurements in mm 
o
sp n be attributed to the fact 
that the oxide layer which was undisturbed due to the absence of flux prevented spreading 
of molten metal. 
The following graph is the spreading contour plot for No flux coverage case taken 
ver five different temperature levels. The resulting figure shows that there is no 
reading of molten metal in any of the angular regions. This ca
N
W E 
S 
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Chapter 6 Tanner’s Law 
.1 Introduction
 
6  
The kinetics of molten metal spreading is highly important in finding out the
ffectiveness of flux in preventing the formation of oxide layer.Spreading kinetics for
ost of the systems obey the Tanner’s law
 
 
, i.e. 
U = dR/dt ~ σ/µ θ3 ………………..................................... (i)   
a circular front o ssile oving 
with a speed U, having viscosity and surface tension µ and σ respectiv y. 
dynamic contact angle is denoted as θ. For a droplet spreading on a flat surface the 
following equation holds 
Rn – Rn0 ~ σ/µ Ω3 t …...………….................................... (ii)  
where n is assumed to be 10, R0 represents the initial sessile drop radius, Ω is t en 
etal volume (fixed), and t is the time the drop reaches the radius R. Equation (i) is 
erived for the considered system following the lubrication theory approximation of the 
mass and momentum balance equations of t  surface tension driven flow 
[43]. In this study, we focus on the following issues: (1) whether the general validity of 
the Tanner’s law of spreading would be preserved for the system under study (aluminum 
filler over aluminum substrate), (2) whether the assumed exponent value of n which is 10 
in this case can be applied and (3) whether the study would be valid if we consider 
various angular directions for the same sessile drop.  
 Another assumption is that in this case the sessile drop changes with change in 
temperature whereas Tanner’s law case considers the sessile drop as a liquid drop, or in 
this case the solid disc would be assumed to be instantaneously changed into a liquid 
from the solid phase at the onset of melting. In other words under this assumption the 
sessile drop appears instantaneously through a transition of solid disc into a sessile drop 
which is not necessarily the case in our experiments. This is explained in the Fig 6.1 (a) 
and (b) below.   
 
 
 
                                                                                                       
            (a) Sessile drop (Tanner’s law)                         (b) Changes with temper
Fig 6.1 Tanner’s law assumption 
e
m
where R represents the radius of spreading, say f the se  drop m
el The assumed 
he molt
m
d
he considered
Time instant 1
Time instant 2
Time instant 1
Time instant 2
    
  
      
      ature (assumption) 
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The following are the R vs. t graphs for the first three hot stage experiments 
amely a full flux coverage case, a half flux coverage case and a 1/4 flux coverage case. 
ere  
e cases.    
 
         
n
H , R is interpreted as the wetting radius of the molten liquid droplet at a particular
angle θ, and T is the time at that particular instant, in seconds. The graphs indicate the
distance the molten liquid metal has spread at a given time (marked, based on the
indicated assumption, as R) and is measured along eight angular directions (0, 45, 90,
135, 180, 225, 270 and 315 respectively) for each of th
 
 
 
R Vs T for Almost Full Flux Coverage
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
0 10 20
Time (Sec)
 W
et
tin
g 
R
ad
iu
s 
(m
m
)
30
 
 
             Fig 6.2.1 R vs. t graph for full flux coverage case 
                                
U6.2 R vs. t for all 3 cases 
0 deg 
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180 deg
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270 deg
315 deg
Data for the graphs in Appendix E titled Data for R vs. t g apr hs 
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R Vs T for Half Flux Coverage
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              Fig 6.2.2 R vs. t graph for half flux coverage case 
 
R Vs T for 1/4 Flux Coverage
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              Fig 6.2.3 R vs. t graph for 1/4 flux coverage case 
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6.3 Linear plots for Full flux coverage case 
 
Based on the Tanner’s law, one concludes th fied, the correlation 
h degree of the distance of spreading vs. time, Equation (ii), must be 
linear. To verify this 
d graph for all the eight cases. 
 
           (b) Linear plot for angle 45 
 
 
 
                                                 ot gle 135 
at if it is satis
between the tent
assumption, the linear plots for each test and angular direction were 
constructed. The following are the linear plots for full flux coverage case for individual 
angular directions (eight angles considered namely 0, 45, 90, 135, 180, 225, 270 and 
315). The plots were drawn by taking the R vs. T values. Converting that data set into R  
vs. T is then performed. Then R
10
10 was taken as the X axis, and time as the Y axis and a 
linear fit is obtained. All these graphs were plotted using GRAF4WIN® software. Section 
6.3.1 contains the combine
 
 
 
 
 
 
 
 
 
 
 
 
             (a) Linear plot for angle 0                                                
 
 
 
 
 
 
 
 
 
 
 
   (c) Linear plot for angle 90                         (d) Linear pl for an
 
Fig 6.3 Linear plots for separate angles (Full flux coverage)  
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                   (e) Linear plot for angle 180                                                (f) Linear plot for angle 225 
         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
h) Linear plot for angle 315 
Fig 6.3 Linear plots for separate angles (Full flux coverage) (continued) 
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6.3.1 Linear Plots for all Angles combined (Full Flux) 
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Fig 6.3.1(a) Combined Linear Plot for Full Flux Case 
 
 
Fig 6.3.1(b) Spreading pattern for full flux coverage 
 
 
Less Flux  
Coverage 
Fig 6.3.1(c) Spreading pattern for full flux coverage 
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Discussion 
wer when compared to the other angles namely 135°, 180°, 225° and 315°. This can be 
irectly related to fact that there is less spreading in these regions. In other words lesser 
e spreading lower the slope and vice versa. This can also be verified from Fig 6.3.1(b) 
nd Fig 6.3.1(c) where we can see that there is less spreading in the angular directions of 
°, 45°, 90° and 270° when compared with the other regions. One reason may be due to 
e fact that the molten liquid metal did not spread with the same velocity in all the 
ons even though the surface is assumingly covered with equal amount of flux. 
nother reason may be due to the fact that even though all the regions were covered with 
ux the amount of flux in all these areas is not the same which resulted in less spreading 
here there are some areas devoid of flux indicated by the red dotted line in the angular 
gions 0°, 45° and 90°. This may have led to uneven spreading in these areas.   
  From Fig 6.3.1(a) we can see that the Slopes for angles 0°, 45°, 90° and 270° are 
lo
d
th
a
0
th
directi
A
fl
in the above mentioned angular regions. This can be seen in Fig 6.3.1(b) and Fig 6.3.1(c) 
w
re
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6.4 Linear plots for Half flux coverage case 
 
The following the separate linear plots for the half flux case. The combined linear 
 
               
                (a) Linear plot for angle 0                                                        (b) Linear plot for angle 45 
 
 
 
 
 
 
 
 
 
 
 
                  (c) Linear plot for angle 90                                                  (d) Linear plot for angle 135 
 
Fig 6.4 Linear plots for separate angles (Half flux coverage)  
plot is given in Section 6.3.2. 
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                (e) Linear plot for angle 180                                                (f) Linear plot for an
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
              (g) Linear plot for angle 270                                                     (h) Linear plot for angle 315             
 
 
Fig 6.4 Linear plots for separate angles (Half flux coverage) (continued) 
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6.4.1 Linear Plots for all Angles combined (Half Flux) 
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Fig 6.4.1(a) Combined Linear Plot for Half Flux Case 
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Fig 6.4.1(b) Spreading pattern
 
 for half flux coverage 
 
Fig 6.4.1(c) Spreading pattern for half flux coverage
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Discussion 
From Fig 6.4.1(a) we can see that Slopes for angles 0°, 45°, 270° and 315° are 
igher when compared with the other angles namely 90°, 135°, 180°and 225°. This can 
spread
opes. This can be verified from Fig 6.4.1(b) and Fig 6.4.1(c) where there is more 
reading in the angular directions of 0°, 45°, 270° and 315° when compared to the other 
gions. This condition can be attributed to the experimental setup in which flux was 
pplied to only one half of the specimen and the other half was left without any flux. This 
sulted in the molten metal spreading more in places covered with flux than those devoid 
f it.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
h
be related to the fact that there is more ing in these regions and hence higher the 
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a
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6.5 Linear plots for 1/4th flux coverage case 
ined 
.2. 
             (a) Linear plot for angle 0                                                      (b) Linear plot for angle 45 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 (c) Linear plot for angle 90                                                  (d) Linear plot for angle 135 
 
Fig 6.5 Linear plots for separate angles (Quarter flux coverage)  
 
The following the separate linear plots for the quarter flux case. The comb
linear plot is given in Section 6.4
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                (e) Linear plot for angle180                                                   (f) Linear plot for angle 225 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 (g) Linear plot for angle 270                                                (h) Linear plot for angle 315 
 
 
 
Fig 6.5 Linear plots for separate angles (Quarter flux coverage) (continued) 
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6.5.1 Linear Plots for all Angles combined (1/4 Flux) 
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Fig 6.5.1(a) Combined Linear Plot for 1/4 Flux case 
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Fig 6.5.1(b) Spreading pattern
 
 for 1/4 flux coverage 
 
 
Fig 6.5.1(c) Spreading pattern for 1/4 flux coverage 
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Discussion 
From Fig 6.5.1(a) we can see that Slopes for angles 90°, 135° and 180° are higher 
e
lated to the fact that there is more spreading in these regions and hence higher the 
opes. This can be verified from Fig 6.5.1(b) and Fig 6.5.1(c) where there is more 
reading in the angular directions of 90°, 135° and 180° when compared to the other 
gions. This condition can be attributed to the experimental setup in which flux was 
pplied to only 1/4th of the specimen and the remaining areas were left without any flux. 
his resulted in the molten metal spreading more in places covered with flux than those 
Copyright © Ramnath Narayanaswamy, 2006 
when compared with the other angles nam ly 0°, 45°, 225°, 270° and 315°. This can be 
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sp
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devoid of it.   
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Chapter 7 Flux Front Movement Study 
.1 Introduction
 
7  
 
 clear preferential spreading of molten metal i.e., 
d flux was originally present. In other words, 
mewhat irrespective of the presence or absence of solid state flux (i.e., before melting 
nd spreading of flux) the molten metal had appreciable spreading in all the directions, 
except for the no flux case. In the later case no spreading was clearly noticed. Generally 
the solid state flux powder that is present over the surface to be brazed starts melting in 
the temperature of around 560°C-570°C. The liquid flux spreads along the surface the 
substrate quite easily. The movement of the flux front must be studied to establish how it 
affects spreading and wetting characteristics of the molten metal. Three cases were 
considered here namely (1) 1/4th flux coverage case (2) thin flux coverage strip case 
(using Al foils) (3) 1/4th flux coverage case (using Al foils). In Fig 7.1 images of the 
samples showing their topography and flux covered regions before brazing are shown. 
For cases (2) and (3) a thin Bare Metal® Aluminum masking foil was used in 
order to prevent spilling of flux over to the adjoining areas and thereby keep the area free 
of flux for the purpose of the study. The masking foil is made up of aluminum and has a 
thickness of 0.0127 mm. The foil has an adhesive coating at its bottom surface which was 
used to stick it to the aluminum substrate. Once the flux coating dried the aluminum foil 
was removed using forceps. The foil did leave some residue on the surface of the 
substrate and is assumed to be removed by heating during the ramp up at elevated 
temperatures. The individual movie clip frames for this study were obtained by using 
Virtual Dub® software by extracting images from the sequence of frames. 
From the previous studies we can infer that even though the amount of flux is
varied spatially there has not been a very
only in the directions where the soli
so
a
 
Fig 7.1 Flux positioning Images 
 81
 The following are the flux front movement study pictures for 1/4th flux coverage case  
 
                               Fig 7.2(a) Flux front movement 
 
                            
 
 Fig 7.2 (b) Flux front movement 
Flux Front 
Movement 
7.2 Flux Front Movement study for 1/4th Flux Coverage Case 
Note: Pictures 
captured in the 
increment of 5°C 
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                                Fig 7.2 (c) Flux front movement 
 
 
                                Fig 7.2 (d) Flux front movement 
Flux Front 
Movement 
 
                                       Fig 7.2 (e) Brazed part after cooling 
Discussion 
In this case only 1/4th of the substrate area was covered with flux. Pictures were 
captured in the increment of 5°C. From the images we can see that the flux front moves 
with th
their velocities 
are slightly lower than that of molten metal spreading thereby aiding in their spreading. 
The larger flux front coverage can be attributed to the fact that flux front spreading takes 
place for a longer amount of time when compared to molten metal spreading. From the 
final image which was captured after the brazed part was cooled, we can see that this flux 
front movement aided in the spreading of the molten metal, and resulted in its appreciable 
spreading in all the directions even though there was absence of solid flux powder 
uniformly distributed before
e increase of temperature (or time). The front has been marked by the red dotted 
line in the Fig 7.2 (a) (b) (c) and (d). The calculations performed on these images using 
Image Pro® software indicated that the flux front had spread with a maximum change of 
velocity of 0.0492 mm/sec (Refer Appendix F) whereas the maximum velocity of 
spreading for molten metal for the same case was 0.0673 mm/sec. The flux front spread 
to a distance of 2.1202, 2.1302, 1.6898 and 2.3451 mm respectively for the angular 
regions θ ∈ (0, 45, 270, and 315) when compared to the distance the molten metal has 
spread for the same regions which is 1.4304, 1.4188, 1.5569 and 1.7365 mm. This shows 
that the flux front covers a larger area than the molten metal even though 
 brazing. 
 84
 se 
(using Al foils)          
            The following are the flux front movement study pictures for thin flux strip ca
 
                                                    Fig 7.3 (a) Flux front movement 
 
                      Fig 7.3 (b) Flux front movement 
Flux Front 
Movement 
g Al foils)7.3 Flux Front Movement study for Thin Flux Strip Case (usin  
Note: Pictures 
captured in the 
Increment of 5 
sec 
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          Fig 7.3 (c) Flux front movement 
 
          Fig 7.3 (d) Flux front m
Flux Front 
Movement 
ovement 
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                                           Fig 7.3 (e) Brazed part after cooling 
Discussion 
In this case the flux was applied in the form of a thin strip and an aluminum foil 
was used to cover the remaining areas while the flux was applied to prevent spillage of 
flux. Pictures were captured in the increment of every 5 sec using Virtual Dub® software. 
In this case also we can see that the flux front moves with the increase of temperature 
(time). The maximum change of velocity for flux front spreading was 0.0987 mm/sec 
(Refer Appendix G) and that for half flux coverage case is 0.17 mm/sec. The calculations 
done on the images showed that the flux front spread to a distance of 2.3540, 1.9367 and 
2.1661 mm respectively in the angular regions Ө ∈ (135,180,225) and that for half flux 
case is 1.3873, 1.3546 and 1.3248 mm for the same angular regions. This distance is 
more than the distance covered by the molten metal even though the velocity of molten 
metal is higher and thereby aided in spreading. The larger flux front coverage can be 
attributed to the fact that flux front spreading takes place for a longer amount of time 
when compared to molten metal spreading. Therefore we can see that there was 
appreciable spreading in all the direction even though there was only a thin strip of flux 
coverage. This can be seen from the final cooled brazed part image. 
 
 87
 7.4 Flux Front Movement study for 1/4th Flux Case (using Al foils) 
 
 
                             Fig 7.4 (a) Flux front movement 
 
                                Fig 7.4 (b) Flux front movement 
Note: Pictures 
 
The following are the flux front movement study pictures for 1/4  flux case (using Al foils) th
captured in the
Increment of 5 
sec 
Flux Front 
Movement 
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                Fig 7.4 (c) Flux front movement 
 
 
Flux Front 
Movement 
               Fig 7.4 (d) Flux front movement 
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                                           Fig 7.4 (e) Brazed part after cooling 
 
Discussion 
           th
 
 
 
  In this case only 1/4  of the substrate area was covered with flux. An aluminum 
foil was used to cover the remaining areas while the flux was applied to prevent spillage 
of flux. Pictures were captured in the increment of every 5 sec using Virtual Dub® 
software. In this case also we can see that the flux front moves with the increase of 
temperature (time) and aided in the spreading of the molten metal. The flux front had 
spread with a maximum change of velocity of 0.0922 mm/sec (Refer Appendix H) 
whereas the maximum velocity of spreading for molten metal for quarter flux case was 
0.0673 mm/sec The distance covered by this flux front was found out to be 2.0497, 
1.6772, 1.8976 and 1.531 mm respectively in the angular regions Ө ∈ (135, 180, 225 and 
270) when compared to the distance the molten metal has spread for the same regions for 
quarter flux case which is 1.4304, 1.4188, 1.5569 and 1.7365 mm. In this case both the 
velocity and the distance of spreading were higher for the flux front. This resulted in 
appreciable spreading in all the direction even though only 1/4th of the metal substrate 
was covered with flux. This can be seen from the final cooled brazed part image. 
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Chapter 8 Conclusions and Future work 
 
8.1 Conclusions 
 years numerous studies h
ation during the aluminum brazing process and thereby improving 
ing and spreading characteristics of molten metal. The method that is commonly 
practiced in the industry today is the use of a fluoride based flux called Nocolok® flux 
(Potassium Fluoro Aluminate flux). However research has also shown that the use of this 
flux may potentially cause a number of problems compromising the sustainability of the 
manufacturing process. Therefore, the need arises to find out ways to reduce the amount 
out as to how the flux deposition non 
uniform ng of the molten metal during metal joining. 
 whether lesser amount of flux deposited 
e wetting characteristics in the same manner 
he material that was considered for study was aluminum alloy
underlined task of this study is an expectati
deposition may reduce its use, still accom
Based upon this rationale a num
Stage microscopy and a study was perform
following is a brief summary of the 
 
• The still images obtained from
during hot stage experiments were used to 
front. The velocity graphs for the unifor
the velocity was not the same
spreading is reasonably uniform in all the 
various cases of flux coverage except for no flux case. The graphs for the half flux 
coverage th atial distribution
of the flux, molten metal did not spread (with equal velocity) in all the directions. 
Over the
oxide layer form
wett
ave been aimed at eliminating the effect of 
of this flux being used.  
The purpose of this study was to find 
ity affects the spreading and wetti
Flux deposition non uniformity here means as to
in a non uniform or uniform pattern helps th
as full flux coverage. T
over alu
 
minum oxide surface of another aluminum alloy. A rationale behind the 
on that a control of uniformity of solid flux 
plishing the objective. 
ber of experiments were conducted using Hot 
ed using data obtained from these tests. The 
studies and the results obtained. 
 the digital video movies of the flux/filler spreading 
determine the spatial distribution of the 
m flux coverage case showed that though 
 in all the directions at a particular instant of time, 
directions during the course of time in 
and 1/4  flux coverage case showed that due to the sp  
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This led to an irregular s
in all the directions. In the no flux case,
molten metal i.e., remo
• In order to comp
plots were drawn using inst
established. The analysis
all the directions in the f
showed somewhat deform
• eading is investigated. The exponent value 
R vs. t graphs and the linear plots for 
early obeys the Tanner’s law. More the 
en higher the slopes. The slopes of the 
 angular directions, indicating 
n angular dependence
•
evaluate the effect of th
was found that m
the subsequent spread
spreading of the mo
 
 Based on all these studies we can concl
the molten liquid metal can be m
can be attributed to the f
solidus of filler, 577°C) and sp
 
 
 
 
preading pattern, but still there was appreciable spreading 
 there was almost no spreading of the 
val of the oxide is non existent and spreading is prevented. 
are spreading patterns of various cases, the spreading contour 
antaneous images at particular temperature levels 
during the heating cycle and the corresponding spreading contours were 
 showed that there was the most appreciable spreading in 
ull flux coverage case. Half flux and 1/4th flux coverage 
ed spreading. No spreading in the No flux case. 
 The applicability of Tanner’s law of spr
n is assumed to be 10 and the corresponding 
various angles were drawn. The kinetics cl
spreading in a particular angular region th
linear R10 vs. t correlation are dependent on
variability of molten metal production during melting and a  
of spreading kinetics.  
 A Flux front movement analysis was performed for three cases in order to 
e flux spreading on the spreading of the molten metal. It 
oving flux front if present ahead of molten metal spreading aids 
ing of the molten metal. This results in an appreciable 
lten metal in related directions even though the amount of flux 
in solid state before brazing was non uniform. 
ude that an appreciably good spreading of 
aintained even with a non uniform flux distribution. This 
act that the flux melts at a temperature of 565°C (i.e., below the 
reads in the form of a flux front ahead of the molten metal. 
8.2 Future Work 
            More work needs to be done in order to further validate the effect of flux 
deposition non uniformity on molten metal spreading and also to be certain that the flux 
front movement aids in the spreading and wetting of the molten liquid metal. In 
particular, more specific quantitative studies must be performed. 
• More Hot stage experiments needs to be carried out with same or more complex 
spatial distributions of flux to investigate if the experiment results are 
reproducible. 
• In addition, the tests with grooves on the substrate have to be performed to see 
how the roughness affects spreading and wetting characteristics of the molten 
metal. Data analysis (velocity calculations) needs to be done as well to see as to 
what effect the grooves may have on the movement of the flux front.  
 of flux with respect to 
nsity has any effect on the sprea ing of the molten metal. In other words we 
 
 
 
• A study needs to done to see if changing the particle size
its de d
have to verify whether increasing the particle size of the flux can in any way help 
in the reduction of the amount of flux used. 
• More in depth study is needed with respect to Tanner’s law to validate whether 
the spreading of molten metal is influenced with other factors, like surface tension 
and viscosity.  
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  y graphs)  
    
Lege
Ro =
Length  
R  = Final 
Length        
dx =
to = 
Time 
t  = Fina
dt = Cha       
V  = Velocit
 
 
Velocity Calcul
Angle c) 
663 664 1 0.000  
663 664 1 0.000  
0.000 663 664 1 0.000  
0.000 663 664 1 0.000  
 
Velocity C
Angle deg mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0.899 0.000 664 665 1 0.000  
5 1 0.000  
5 1 0.094  
0.130  
  
Veloc
Angle deg Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
.228 665 666 1 0.228  
0.246 665 666 1 0.246  
1 0.228  
     
        
Appendix A: Data fo Velocity graphs (Full flux coverage case) 
      (Graphs for data in Section 4.1.3 Velocit
     
nd         
 Intial 
Length in mm       
Length in mm 
 Change in Length in mm  ("d " indicates finite difference increments Delta)  
Intial 
Time in sec       
l Time Time in sec       
nge in Time in sec 
y; Change in length/change in time in mm/sec    
        
        
ation for fig 13569      
deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/se
0 0.899 0.899 0.000 
45 0.886 0.886 0.000 
90 0.892 0.892 0.000 663 664 1 0.000  
135 0.868 0.900 0.031 663 664 1 0.031  
180 0.899 0.899 0.000 663 664 1 0.000  
225 0.902 0.902 
270 0.892 0.892 
315 0.904 0.904 0.000 663 664 1 0.000  
        
alculation for fig 13589      
Ro (mm) R (
0 0.899 
45 0.886 0.891 0.004 664 665 1 0.004  
90 0.892 0.892 0.000 664 66
135 0.900 0.994 0.094 664 66
180 0.899 1.171 0.272 664 665 1 0.272  
225 0.902 1.226 0.324 664 665 1 0.324  
270 0.892 1.259 0.367 664 665 1 0.367  
315 0.904 1.034 0.130 664 665 1 
       
ity Calculation for fig 13609      
Ro (mm) R (mm) dx=R-
0 0.899 1.127 0
45 0.891 0.895 0.005 665 666 1 0.005  
90 0.892 1.057 0.165 665 666 1 0.165  
135 0.994 1.240 
180 1.171 1.348 0.177 665 666 1 0.177  
225 1.226 1.383 0.157 665 666 1 0.157  
270 1.259 1.386 0.127 665 666 1 0.127  
315 1.034 1.262 0.228 665 666 
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Veloc
Angle deg  V=dx/dt (mm/sec) 
1 0.183  
1 0.025  
1 0.058  
0.081  
   
Veloc
Angle 
 0.058 667 668 1 0.058  
 0.051 667 668 1 0.051  
0.070  
0.040  
 
Velocity C  13671      
Angle deg m) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
 
0.032 668 669 1 0.032  
0.027 668 669 1 0.027  
 
Velocit
Angle deg c) 
670 1 0.013  
670 1 0.000  
0.027 669 670 1 0.027  
0.006 669 670 1 0.006  
 
 
 
 
      
Velocity Calculation for fig 13711      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.323 1.329 0.006 670 671 1 0.006  
45 1.186 1.188 0.002 670 671 1 0.002  
ity Calculation for fig 13629      
Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to
0 1.127 1.310 0.183 666 667 
45 0.895 1.128 0.233 666 667 1 0.233  
90 1.057 1.272 0.215 666 667 1 0.215  
135 1.240 1.387 0.148 666 667 1 0.148  
180 1.348 1.373 0.025 666 667 
225 1.383 1.441 0.058 666 667 
270 1.386 1.411 0.025 666 667 1 0.025  
315 1.262 1.343 0.081 666 667 1 
      
ity Calculation for fig 13650      
deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.310 1.310 0.000 667 668 1 0.000  
45 1.128 1.186
90 1.272 1.323
135 1.387 1.423 0.036 667 668 1 0.036  
180 1.373 1.443 0.070 667 668 1 
225 1.441 1.481 0.040 667 668 1 
270 1.411 1.462 0.051 667 668 1 0.051  
315 1.343 1.495 0.152 667 668 1 0.152  
        
alculation for fig
Ro (m
0 1.310 1.310 0.000 668 669 1 0.000  
45 1.186 1.186 0.000 668 669 1 0.000  
90 1.323 1.361 0.038 668 669 1 0.038 
135 1.423 1.486 0.063 668 669 1 0.063  
180 1.443 1.468 0.025 668 669 1 0.025  
225 1.481 1.553 0.072 668 669 1 0.072  
270 1.462 1.494 
315 1.495 1.522 
        
y Calculation for fig 13691      
Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/se
0 1.310 1.323 0.013 669 
45 1.186 1.186 0.000 669 
90 1.361 1.411 0.051 669 670 1 0.051  
135 1.486 1.571 0.085 669 670 1 0.085  
180 1.468 1.538 0.070 669 670 1 0.070  
225 1.553 1.580 
270 1.494 1.500 
315 1.522 1.526 0.005 669 670 1 0.005  
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90 1.411 1.411 0.000 670 671 1 0.000  
135 1.571 1.598 0.027 670 671 1 0.027  
180 1.538 1.557 0.019 670 671 1 0.019  
225 1.580 1.602 0.022 670 671 1 0.022  
    
Velocity C    
Angle ) 
1 0.025  
672 1 0.003  
1.629 0.027 671 672 1 0.027  
1.544 0.025 671 672 1 0.025  
 
Velocity C
Angle deg  (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
1.367 0.013 672 673 1 0.013  
0 1.570 1.576 0.006 672 673 1 0.006  
1.634 0.004 672 673 1 0.004  
673 1 0.000  
 
Velocity C 1      
Angle V=dx/dt (mm/sec) 
0.000  
1.616 1.616 0.000 673 674 1 0.000  
180 1.576 1.582 0.006 673 674 1 0.006  
225 1.634 1.656 0.022 673 674 1 0.022  
270 1.544 1.544 0.000 673 674 1 0.000  
315 1.601 1.602 0.001 673 674 1 0.001  
 
 
 
 
         
Veloc  Calculation for fig 13791      
Angle eg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
1 0.006  
135 1.616 1.629 0.013 674 675 1 0.013  
180 1.582 1.601 0.019 674 675 1 0.019  
225 1.656 1.660 0.004 674 675 1 0.004  
270 1.500 1.519 0.019 670 671 1 0.019  
315 1.526 1.598 0.072 670 671 1 0.072  
     
alculation for fig 13731   
deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec
0 1.329 1.354 0.025 671 672 
45 1.188 1.190 0.003 671 
90 1.411 1.437 0.025 671 672 1 0.025  
135 1.598 1.616 0.018 671 672 1 0.018  
180 1.557 1.570 0.013 671 672 1 0.013  
225 1.602 
270 1.519 
315 1.598 1.598 0.000 671 672 1 0.000  
        
alculation for fig 13751      
Ro (mm) R
0 1.354 
45 1.190 1.249 0.058 672 673 1 0.058  
90 1.437 1.481 0.044 672 673 1 0.044  
135 1.616 1.616 0.000 672 673 1 0.000  
18
225 1.629 
270 1.544 1.544 0.000 672 
315 1.598 1.601 0.003 672 673 1 0.003  
        
alculation for fig 1377
deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to 
0 1.367 1.367 0.000 673 674 1 
45 1.249 1.280 0.032 673 674 1 0.032  
90 1.481 1.481 0.000 673 674 1 0.000  
135 
ity
d
0 1.367 1.367 0.000 674 675 1 0.000  
45 1.280 1.289 0.009 674 675 1 0.009  
90 1.481 1.487 0.006 674 675 
 101
270 1.544 1.544 0.000 674 675 1 0.000 
315 
elocity Calculation for fig 13811 
Ro (mm) R (mm) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.367 1.380 0.013 675 676 1 0.013 
45 1.289 1.298 0.009 675 676 1 0.009 
90 1.487 1.494 0.006 675 676 1 0.006  
135 1.629 1.656 0.027 675 676 1 0.027 
1.614  
225 1.660 1.660 0.000 675 676 1 0.000  
270 1.544 1.544 0.000 675 676 1 0.000 
1.611 0.009 675 676 1 0.009 
  
   
ngle deg Ro (mm) R (mm) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.380 1.392 0.013 676 677 1 0.013 
1.338 0.040 676 677 1 0.040 
90      6 
13
1
2
        
Velocity Calcu  for fig     
Angle deg Ro ( R ( dx=R to (s t (se dt=t-to V=dx m/sec) 
0 1.392 1.411 0.019 677 678 1 0.019 
1.343 0.004 677 678 1 0.004 
90      2 
13
1
2
 
 
 
 
 
1.602 1.603 0.000 674 675 1 0.000  
         
V      
Angle deg to (s (m
 
 
 
180 1.601 0.013 675 676 1 0.013  
 
315 1.603  
       
Velocity Calculation for fig 13831   
A to (s (m
 
45 1.298  
1.494 1.500 0.006 676 677 1 0.00  
5 1.656 1.669 0.013 676 677 1 0.013  
80 1.614 1.639 0.025 676 677 1 0.025  
25 1.660 1.683 0.022 676 677 1 0.022  
270 1.544 1.544 0.000 676 677 1 0.000  
315 1.611 1.620 0.009 676 677 1 0.009  
 
lation  13852  
mm) mm) -Ro ec) c) /dt (m
 
45 1.338  
1.500 1.532 0.032 677 678 1 0.03  
5 1.669 1.669 0.000 677 678 1 0.000  
80 1.639 1.639 0.000 677 678 1 0.000  
25 1.683 1.683 0.000 677 678 1 0.000  
270 1.544 1.544 0.000 677 678 1 0.000  
315 1.620 1.620 0.000 677 678 1 0.000  
         
Velocity Calculation for fig 13873      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.411 1.411 0.000 678 679 1 0.000  
45 1.343 1.343 0.000 678 679 1 0.000  
90 1.532 1.532 0.000 678 679 1 0.000  
135 1.669 1.683 0.013 678 679 1 0.013  
180 1.639 1.652 0.013 678 679 1 0.013  
225 1.683 1.701 0.018 678 679 1 0.018  
270 1.544 1.544 0.000 678 679 1 0.000  
315 1.620 1.620 0.000 678 679 1 0.000  
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Velocity Calculation for fig 13894      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.411 1.411 0.000 679 680 1 0.000  
45 1.343 1.343 0.000 679 680 1 0.000  
90 1.532 1.532 0.000 679 680 1 0.000  
135 1.683 1.683 0.000 679 680 1 0.000  
180 1.652 1.658 0.006 679 680 1 0.006  
225 1.701 1.701 0.000 679 680 1 0.000  
270 1.544 1.544 0.000 679 680 1 0.000  
315 1.620 1.634 0.013 679 680 1 0.013  
         
Velocity Calculation for fig 13915      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.411 1.411 0.000 680 681 1 0.000  
45 1.343 1.374 0.031 680 681 1 0.031  
90 1.532 1.532 0.000 680 681 1 0.000  
135 1.683 1.688 0.005 680 681 1 0.005  
180 1.658 1.677 0.019 680 681 1 0.019  
225 1.701 1.701 0.000 680 681 1 0.000  
270 1.544 1.544 0.000 680 681 1 0.000  
315 1.634 1.634 0.000 680 681 1 0.000  
         
Velocity Calculation for fig 13936      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.411 1.411 0.000 681 682 1 0.000  
45 1.374 1.374 0.000 681 682 1 0.000  
90 1.532 1.538 0.006 681 682 1 0.006  
135 1.688 1.692 0.004 681 682 1 0.004  
180 1.677 1.684 0.006 681 682 1 0.006  
225 1.701 1.701 0.000 681 682 1 0.000  
270 1.544 1.544 0.000 681 682 1 0.000  
315 1.634 1.634 0.000 681 682 1 0.000  
 
 
 
 
        
Velocity Calcul  for fig     
Angle deg Ro ( R ( dx=R to (s t (se dt=t-to V=dx m/sec) 
270 1.544 1.544 0.000 682 683 1 0.000  
315 1.634 1.642 0.009 682 683 1 0.009  
 
ation  13957  
mm) mm) -Ro ec) c) /dt (m
0 1.411 1.411 0.000 682 683 1 0.000  
45 1.374 1.392 0.018 682 683 1 0.018  
90 1.538 1.538 0.000 682 683 1 0.000  
135 1.692 1.719 0.027 682 683 1 0.027  
180 
225 1.701 
1.684 1.684 
1.701 
0.000 
0.000 
682 
682 683 
683 1 
1 
0.000 
0.000 
 
 
         
Velocity Calculation for fig 13978      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.411 1.411 0.000 683 684 1 0.000  
45 1.392 1.392 0.000 683 684 1 0.000  
 103
90 1.538 1.544 0.006 683 684 1 0.006  
135 1.719 1.723 0.004 683 684 1 0.004  
180 1.684 1.696 0.013 683 684 1 0.013  
225 1.701 1.705 0.005 683 684 1 0.005  
270 1.544 1.544 0.000 683 684 1 0.000  
315 1.642 1.642 0.000 683 684 1 0.000  
         
Velocity Calculation for fig 13999      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.411 1.475 0.063 684 685 1 0.063  
45 1.392 1.410 0.018 684 685 1 0.018  
90 1.544 1.544 0.000 684 685 1 0.000  
135 1.723 1.723 0.000 684 685 1 0.000  
180 1.696 1.696 0.000 684 685 1 0.000  
225 1.705 1.710 0.005 684 685 1 0.005  
270 1.544 1.544 0.000 684 685 1 0.000  
315 1.642 1.642 0.000 684 685 1 0.000  
         
Velocity Calculation for fig 14020      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.475 1.475 0.000 685 686 1 0.000  
45 1.410 1.432 0.022 685 686 1 0.022  
90 1.544 1.551 0.006 685 686 1 0.006  
135 1.723 1.723 0.000 685 686 1 0.000  
180 1.696 1.696 0.000 685 686 1 0.000  
225 1.710 1.710 0.000 685 686 1 0.000  
270 1.544 1.544 0.000 685 686 1 0.000  
315 1.642 1.642 0.000 685 686 1 0.000  
 
 
 
 
        
Velocity Calcul  for fig     
Angle deg Ro ( R ( dx=R to (s t (se dt=t-to V=dx m/sec) 
270 1.544 1.544 0.000 686 687 1 0.000  
315 1.642 1.643 0.000 686 687 1 0.000  
 
ation  14041  
mm) mm) -Ro ec) c) /dt (m
0 1.475 1.475 0.000 686 687 1 0.000  
45 1.432 1.441 0.009 686 687 1 0.009  
90 1.551 1.557 0.006 686 687 1 0.006  
135 1.723 1.723 0.000 686 687 1 0.000  
180 
225 1.710 
1.696 1.715 
1.723 
0.019 
0.013 
686 
686 687 
687 1 
1 
0.019 
0.013 
 
 
         
Velocity calculation for fig 14061      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.475 1.475 0.000 687 688 1 0.000  
45 1.441 1.441 0.000 687 688 1 0.000  
90 1.557 1.557 0.000 687 688 1 0.000  
135 1.723 1.728 0.004 687 688 1 0.004  
180 1.715 1.715 0.000 687 688 1 0.000  
225 1.723 1.728 0.005 687 688 1 0.005  
 104
270 1.544 1.544 0.000 687 688 1 0.000  
315 1.643 1.651 0.009 687 688 1 0.009  
         
Velocity Calculation for fig 14081      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.475 1.475 0.000 688 689 1 0.000  
45 1.441 1.454 0.013 688 689 1 0.013  
90 1.557 1.570 0.013 688 689 1 0.013  
135 1.728 1.728 0.000 688 689 1 0.000  
180 1.715 1.734 0.019 688 689 1 0.019  
225 1.728 1.728 0.000 688 689 1 0.000  
270 1.544 1.544 0.000 688 689 1 0.000  
315 1.651 1.651 0.000 688 689 1 0.000  
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 nd a el r (H x c e 
  raph ata ction  Veloci graphs  
        
Legend        
Ro = Intial Length  Le n mm       
R  = Final Length  Le n mm       
dx = Change in Length in mm  ("d " indicates finite difference increments   
to = Intial Tim Time in sec       
t  = Final Time Time in sec       
dt = Change in Time in sec       
V /  in time in 
 
        
Velocity Calculation for fig 33      
Angle deg Ro ( ) m) dx=R-Ro to (s t (sec) dt=t V=dx/dt (mm/sec) 
0 0.886 1  
9 5 1 2 1  
1 0 1 2 1  
1  
1  
0.976 0.07 661 662 0.077  
88 12 662 
15 .92 58 35 1 
        
Velocity Calculation for fig 3381      
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 0.987 1  
45 0.949 1  
3 1 2 3 1  
5 .976 9 3 2 3 1  
1  
225 0.976 1.011 0.036 662 663 1 0.036  
270 1.013 1.076 0.063 662 663 1 0.063  
315 0.958 1.056 0.09 662 663 0.099  
        
Ve ation for f
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 1.013 7 4 3 4 1  
2 0 3 4 1  
3 0 3 4 1  
5 .029 7 8 3 4 1  
0 .013 3 0 3 4 1  
5 .011 1 0 3 4 1  
0 .076 7 1 3 4 1  
315 1.056 1.119 0.06 663 664 0.063  
        
Ve ation for f
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 1.127 6 9 4 5 1  
 
Appe ix B: D ta fo V ocity g aphs alf flu overag case) 
      (G s for d in Se  4.2.3 ty ) 
 
 
ngth i  
ngth i  
Delta)
e 
 
 = Velocity; Change in length change
 
mm/sec 
 
  
 
 
     
 
61  
mm R (m ec) -to 
0.987 
0.94
0.101 
0.04
661 
66
662 
66
0.101 
0.0445 0.904 5 
90 0.911 0.91 0.00 66 66 0.000 
135 0.887 
180 0.931 
0.976 
1.000 
0.089 
0.069 
661 
661 
662 
662 
0.089 
0.069 
225 0.899 
270 0.
7 1 
6 1.013 
2 0.
0.
 0.0
7 661 
 661 
1 0.127 
0.035 
 
 3 0 9 662 
 
 
Ro (mm
 
R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.013 0.025 662 663 0.025 
1.012 
1.01
0.063 
0.10
662 
66
663 
66
0.063 
0.1090 0.911 1 
13 0 1.02 0.05 66 66 0.053 
180 1.000 1.013 0.013 662 663 0.013 
9 1 
 
locity Calcul ig 3401       
Ro (mm R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.12 0.11 66 66 0.114 
45 1.012 1.09 0.08 66 66 0.080 
90 1.013 1.01 0.00 66 66 0.000 
13 1 1.04 0.01 66 66 0.018 
18 1 1.01 0.00 66 66 0.000 
22 1 1.01 0.00 66 66 0.000 
27 1 1.12 0.05 66 66 0.051 
3 1 
 
locity Calcul ig 3422       
Ro (mm R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.26 0.13 66 66 0.139 
 106
45 1.092 1.164 2 4 5 1  
6 3 4 5 1  
5 .047 4 7 4 5 1  
0 .013 4 1 4 5 1  
5 .011 3 2 4 5 1  
0 .127 0 3 4 5 1  
315 1.119 1.289 0.17 664 665 0.170  
        
Ve ation for f
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 1.266 1 5 5 6 1  
4 0 5 6 1  
5 9 5 6 1  
5 .074 6 2 5 6 1  
0 .074 9 5 5 6 1  
5 .063 3 0 5 6 1  
0 .190 9 9 5 6 1  
315 1.289 1.406 0.11 665 666 0.117  
        
Ve ation for f
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 1.291 5 4 6 7 1  
3 0 6 7 1  
8 3 6 7 1  
5 .146 5 9 6 7 1  
0 .139 5 5 6 7 1  
5 .063 2 9 6 7 1  
0 .279 9 1 6 7 1  
315 1.406 1.522 0.116 666 667 1 0.116  
         
Velocity Calculation for fig 3484       
An ) R (mm dx=R-Ro to (sec t (sec) dt=t-to V=dx/dt (mm/sec) 
40 05 668 
45 1.42 522 99 668 1 
0 1 7 8 1  
5 .155 7 3 7 8 1  
0 .165 3 8 7 8 1  
5 .092 7 5 7 8 1  
0 .329 4 5 7 8 1  
5 .522 6 5 7 8 1  
        
 
 
 
 
Ve ation for f
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 1.456 6 1 8 9 1  
6 5 8 9 1  
8 8 8 9 1  
5 .217 7 0 8 9 1  
0 .203 1 8 8 9 1  
0.07 66 66 0.072 
90 1.013 1.07 0.06 66 66 0.063 
13 1 1.07 0.02 66 66 0.027 
18 1 1.07 0.06 66 66 0.061 
22 1 1.06 0.05 66 66 0.052 
27 1 1.19 0.06 66 66 0.063 
0 1 
 
locity Calcul ig 3443       
Ro (mm R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.29 0.02 66 66 0.025 
45 1.164 1.33 0.17 66 66 0.170 
90 1.076 1.21 0.13 66 66 0.139 
13 1 1.14 0.07 66 66 0.072 
18 1 1.13 0.06 66 66 0.065 
22 1 1.06 0.00 66 66 0.000 
27 1 1.27 0.08 66 66 0.089 
7 1 
 
locity Calcul ig 3464       
Ro (mm R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.40 0.11 66 66 0.114 
45 1.334 1.42 0.09 66 66 0.090 
90 1.215 1.27 0.06 66 66 0.063 
13 1 1.15 0.00 66 66 0.009 
18 1 1.16 0.02 66 66 0.025 
22 1 1.09 0.02 66 66 0.029 
27 1 1.32 0.05 66 66 0.051 
gle deg Ro (mm
0 1.
 ) ) 
5 1.456 
3 1.
0.
 0.0
1 667 
 667 
1 0.051 
0.099 
 
 
90 1.278 1.38 0.10 66 66 0.101 
13 1 1.21 0.06 66 66 0.063 
18 1 1.20 0.03 66 66 0.038 
22 1 1.13 0.04 66 66 0.045 
27 1 1.35 0.02 66 66 0.025 
31 1 1.56 0.04 66 66 0.045 
 
locity Calcul ig 3504       
Ro (mm R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.50 0.05 66 66 0.051 
45 1.522 1.56 0.04 66 66 0.045 
90 1.380 1.41 0.03 66 66 0.038 
13 1 1.21 0.00 66 66 0.000 
18 1 1.24 0.03 66 66 0.038 
 107
225 .137 6 9 8 9 1  
0 .354 0 5 8 9 1  
315 1.566 1.584 0.01 668 669 0.018  
        
Ve ation for f
Angle deg ) d t ) t dt=t  V (mm/sec) 
0 1.506 0 4 9 0 1  
9 3 9 0 1  
3 5 9 0 1  
5 .217 9 2 9 0 1  
0 .241 1 0 9 0 1  
5 .146 4 8 9 0 1  
0 .380 0 0 9 0 1  
315 1.584 1.611 0.02 669 670 0.027  
         
Velocity Calculation for fig 3544       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.620 1.620 0.000 670 671 1 0.000  
45 1.629 1.629 0.000 670 671 1 0.000  
90 1.443 1.468 0.025 670 671 1 0.025  
135 1.289 1.289 0.000 670 671 1 0.000  
180 1.241 1.266 0.025 670 671 1 0.025  
225 1.164 1.164 0.000 670 671 1 0.000  
270 1.380 1.392 0.013 670 671 1 0.013  
315 1.611 1.629 0.018 670 671 1 0.018  
         
Velocity Calculation for fig 3564       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.620 1.620 0.000 671 672 1 0.000  
45 1.629 1.629 0.000 671 672 1 0.000  
90 1.468 1.468 0.000 671 672 1 0.000  
135 1.289 1.325 0.036 671 672 1 0.036  
180 1.266 1.266 0.000 671 672 1 0.000  
225 1.164 1.164 0.000 671 672 1 0.000  
270 1.392 1.418 0.025 671 672 1 0.025  
315 1.629 1.629 0.000 671 672 1 0.000  
         
 
 
 
 
Velocity Calculation for fig 3584       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.620 1.684 0.063 672 673 1 0.063  
45 1.629 1.665 0.035 672 673 1 0.035  
90 1.468 1.468 0.000 672 673 1 0.000  
135 1.325 1.343 0.018 672 673 1 0.018  
180 1.266 1.278 0.013 672 673 1 0.013  
225 1.164 1.181 0.018 672 673 1 0.018  
270 1.418 1.430 0.013 672 673 1 0.013  
315 1.629 1.629 0.000 672 673 1 0.000  
         
1 1.14 0.00 66 66 0.009 
27 1 1.38 0.02 66 66 0.025 
8 1 
 
locity Calcul ig 3524       
Ro (mm R (mm) x=R-Ro o (sec  (sec) -to =dx/dt 
1.62 0.11 66 67 0.114 
45 1.566 1.62 0.06 66 67 0.063 
90 1.418 1.44 0.02 66 67 0.025 
13 1 1.28 0.07 66 67 0.072 
18 1 1.24 0.00 66 67 0.000 
22 1 1.16 0.01 66 67 0.018 
27 1 1.38 0.00 66 67 0.000 
7 1 
 108
Velocity Calculation for fig 05 
ngle deg 
0 
45 1.665 0.000 
90 1.468 1.468 0.000 673 674 1 0.000 
1.343 0.000 673 674 1 0.000 
1.278 0.000 673 674 1 0.000 
1.199  
1.430 
315 1.629 1.638 0.009 673 674 1 0.009 
 
ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.684 1.684 0.000 674 675 1 0.000 
1.719 0.054 674 675 1 0.054 
1 
135 1.343 
180 1.278 
225 1.199 
        
Velocity Calculation for fig 3646      
Angle deg Ro (m R (m dx=R-R to (s t (sec dt=t-to V=dx/dt /sec) 
1.719 0.000 675 676 1 0.000 
1 
135 1.343 
180 1.317 
225 1.199 
        
 
 
 
elocity Calculation for fig 67 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.684    0 
45 1.719 
135 1.343 
        
elocity Calculation for fig 87 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.684    3 
45 1.719 
 36       
A Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
1.684 0.000 1.684 0.000 673 674 1 
1.665 0.000 673 674 1 
 
 
 
135 
0 
1.343  
18 1.278 
81 
 
225 1.1
270 1.430 
0.018 673 674 1 0.018
0.000 673 674 1 0.000 
 
 
 
     
   
   
Velocity Calculation for fig 3626   
ngle deg Ro (mm)  (mm) dx=R-Ro 
 
A R to (s (m
 
45 1.665 
90 1.468 
 
1.468 0.000 674 675 0.000  
1.343 0.000 674 675 1 0.000  
1.317 0.038 674 675 1 0.038  
1.199 0.000 674 675 1 0.000  
270 1.430 1.430 0.000 674 675 1 0.000  
315 1.638 1.665 0.027 674 675 1 0.027  
 
 
m) m) 
1.684 
o 
0.000 
ec) 
675 
) 
676 
(mm
0 1.684 1 0.000  
45 1.719 
90 1.468 
 
1.468 0.000 675 676 0.000  
1.343 0.000 675 676 1 0.000  
1.317 0.000 675 676 1 0.000  
1.217 0.018 675 676 1 0.018  
270 1.430 1.443 0.013 675 676 1 0.013  
315 1.665 1.665 0.000 675 676 1 0.000  
 
 
V  36       
Angle deg Ro R (m to (s (m
1.684 0.000 676 677 1 0.00  
1.719 0.000 676 677 1 0.000  
90 1.468 1.481 0.013 676 677 1 0.013  
1.343 0.000 676 677 1 0.000  
180 1.317 1.317 0.000 676 677 1 0.000  
225 1.217 1.217 0.000 676 677 1 0.000  
270 1.443 1.456 0.013 676 677 1 0.013  
315 1.665 1.665 0.000 676 677 1 0.000  
 
V  36       
Angle deg Ro R (m to (s (m
1.696 0.013 677 678 1 0.01  
1.754 0.036 677 678 1 0.036  
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90 1.481 1.481 0.000 677 678 1 0.000  
135 1.343 
        
elocity Calculation for fig 08 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.696    0 
45 1.754 
135 1.343 
        
elocity Calculation for fig 29 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.696    0 
45 1.754 
135 1.343 
        
ation for fig 37     
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
270 1.456 1.468 0.013 680 681 1 0.013 
315 1.701 1.728 0.027 680 681 1 0.027 
        
elocity Calculation for fig 3771       
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.696    0 
45 1.772 
135 1.343 
1.343 0.000 677 678 1 0.000  
180 1.317 1.317 0.000 677 678 1 0.000  
225 1.217 1.235 0.018 677 678 1 0.018  
270 1.456 1.456 0.000 677 678 1 0.000  
315 1.665 1.683 0.018 677 678 1 0.018  
 
V  37       
Angle deg Ro R (m to (s (m
1.696 0.000 678 679 1 0.00  
1.754 0.000 678 679 1 0.000  
90 1.481 1.481 0.000 678 679 1 0.000  
1.343 0.000 678 679 1 0.000  
180 1.317 1.317 0.000 678 679 1 0.000  
225 1.235 1.235 0.000 678 679 1 0.000  
270 1.456 1.456 0.000 678 679 1 0.000  
315 1.683 1.701 0.018 678 679 1 0.018  
 
V  37       
Angle deg Ro R (m to (s (m
1.696 0.000 679 680 1 0.00  
1.772 0.018 679 680 1 0.018  
90 1.481 1.481 0.000 679 680 1 0.000  
1.343 0.000 679 680 1 0.000  
180 1.317 1.317 0.000 679 680 1 0.000  
225 1.235 1.235 0.000 679 680 1 0.000  
270 1.456 1.456 0.000 679 680 1 0.000  
315 1.701 1.701 0.000 679 680 1 0.000  
 
 
 
 
 
Velocity Calcul 50   
m)  (mm) R-Ro ec) c) x/dt (m
0 1.696 1.696 0.000 680 681 1 0.000  
45 1.772 1.772 0.000 680 681 1 0.000  
90 1.481 1.481 0.000 680 681 1 0.000  
135 1.343 1.343 0.000 680 681 1 0.000  
180 1.317 1.317 0.000 680 681 1 0.000  
225 1.235 1.253 0.018 680 681 1 0.018  
 
 
 
V
Angle deg Ro R (m to (s (m
1.696 0.000 681 682 1 0.00  
1.772 0.000 681 682 1 0.000  
90 1.481 1.481 0.000 681 682 1 0.000  
1.343 0.000 681 682 1 0.000  
180 1.317 1.317 0.000 681 682 1 0.000  
225 1.253 1.253 0.000 681 682 1 0.000  
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270 1.468 1.468 0.000 681 682 1 0.000  
315 1.728 1.728 0.000 681 682 1 0.000  
        
elocity Calculation for fig 92 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.696    0 
45 1.772 
135 1.343 
        
elocity Calculation for fig 12 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.696    0 
45 1.781 
135 1.370 
        
ation for fig 38     
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
270 1.468 1.481 0.013 684 685 1 0.013 
315 1.736 1.754 0.018 684 685 1 0.018 
        
elocity calculation for fig 3854       
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.696    0 
45 1.781 
135 1.370 
 
 
V  37       
Angle deg Ro R (m to (s (m
1.696 0.000 682 683 1 0.00  
1.781 0.009 682 683 1 0.009  
90 1.481 1.481 0.000 682 683 1 0.000  
1.370 0.027 682 683 1 0.027  
180 1.317 1.317 0.000 682 683 1 0.000  
225 1.253 1.253 0.000 682 683 1 0.000  
270 1.468 1.468 0.000 682 683 1 0.000  
315 1.728 1.736 0.009 682 683 1 0.009  
 
V  38       
Angle deg Ro R (m to (s (m
1.696 0.000 683 684 1 0.00  
1.781 0.000 683 684 1 0.000  
90 1.481 1.481 0.000 683 684 1 0.000  
1.370 0.000 683 684 1 0.000  
180 1.317 1.317 0.000 683 684 1 0.000  
225 1.253 1.253 0.000 683 684 1 0.000  
270 1.468 1.468 0.000 683 684 1 0.000  
315 1.736 1.736 0.000 683 684 1 0.000  
 
 
 
 
 
Velocity Calcul 33   
m)  (mm) R-Ro ec) c) x/dt (m
0 1.696 1.696 0.000 684 685 1 0.000  
45 1.781 1.781 0.000 684 685 1 0.000  
90 1.481 1.481 0.000 684 685 1 0.000  
135 1.370 1.370 0.000 684 685 1 0.000  
180 1.317 1.317 0.000 684 685 1 0.000  
225 1.253 1.262 0.009 684 685 1 0.009  
 
 
 
V
Angle deg Ro R (m to (s (m
1.696 0.000 685 686 1 0.00  
1.790 0.009 685 686 1 0.009  
90 1.481 1.481 0.000 685 686 1 0.000  
1.370 0.000 685 686 1 0.000  
180 1.317 1.317 0.000 685 686 1 0.000  
225 1.262 1.262 0.000 685 686 1 0.000  
270 1.481 1.481 0.000 685 686 1 0.000  
315 1.754 1.754 0.000 685 686 1 0.000  
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Velocity Calculation for fig 3875       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.696 1.696 0.000 686 687 1 0.000  
45 1.790 1.790 0.000 686 687 1 0.000  
90 1.481 1.481 0.000 686 687 1 0.000  
135 1.370 1.370 0.000 686 687 1 0.000  
180 1.317 1.342 0.025 686 687 1 0.025  
225 1.262 1.262 0.000 686 687 1 0.000  
270 1.481 1.481 0.000 686 687 1 0.000  
315 1.754 1.754 0.000 686 687 1 0.000  
         
Velocity Calculation for fig 3895       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.696 1.722 0.025 687 688 1 0.025  
45 1.790 1.808 0.018 687 688 1 0.018  
90 1.481 1.481 0.000 687 688 1 0.000  
135 1.370 1.370 0.000 687 688 1 0.000  
180 1.342 1.342 0.000 687 688 1 0.000  
225 1.262 1.271 0.009 687 688 1 0.009  
270 1.481 1.481 0.000 687 688 1 0.000  
315 1.754 1.754 0.000 687 688 1 0.000  
         
 
 
 
 
Velocity Calculation for fig 3915      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
225 1.271 1.289 0.018 688 689 1 0.018 
270 1.481 1.506 0.025 688 689 1 0.025 
315 1.754 1.754 0.000 688 689 1 0.000  
        
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.722 1.722 0.000 688 689 1 0.000  
45 1.808 1.808 0.000 688 689 1 0.000  
90 1.481 1.481 0.000 688 689 1 0.000  
135 1.370 1.387 0.018 688 689 1 0.018  
180 1.342 1.342 0.000 688 689 1 0.000  
 
 
 
Velocity Calculation for fig 3935       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.722 1.722 0.000 689 690 1 0.000  
45 1.808 1.808 0.000 689 690 1 0.000  
90 1.481 1.481 0.000 689 690 1 0.000  
135 1.387 1.387 0.000 689 690 1 0.000  
180 1.342 1.342 0.000 689 690 1 0.000  
225 1.289 1.325 0.036 689 690 1 0.036  
270 1.506 1.506 0.000 689 690 1 0.000  
315 1.754 1.754 0.000 689 690 1 0.000  
         
Velocity Calculation for fig 3956       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.722 1.747 0.025 690 691 1 0.025  
45 1.808 1.808 0.000 690 691 1 0.000  
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90 1.481 1.481 0.000 690 691 1 0.000  
135 1.387 1.387 0.000 690 691 1 0.000  
180 1.342 1.342 0.000 690 691 1 0.000  
225 1.325 1.325 0.000 690 691 1 0.000  
270 1.506 1.532 0.025 690 691 1 0.025  
315 1.754 1.790 0.036 690 691 1 0.036  
         
Velocity Calculation for fig 3977       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.747 1.747 0.000 691 692 1 0.000  
45 1.808 1.808 0.000 691 692 1 0.000  
90 1.481 1.481 0.000 691 692 1 0.000  
135 1.387 1.387 0.000 691 692 1 0.000  
180 1.342 1.355 0.013 691 692 1 0.013  
225 1.325 1.325 0.000 691 692 1 0.000  
270 1.532 1.582 0.051 691 692 1 0.051  
315 1.790 1.790 0.000 691 692 1 0.000  
         
 
 
 
 
Velocity Calculation for fig 3997      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
225 1.325 1.325 0.000 692 693 1 0.000 
270 1.582 1.620 0.038 692 693 1 0.038 
315 1.790 1.790 0.000 692 693 1 0.000  
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m)  (mm) R-Ro ec) c) x/dt (m
0 1.747 1.747 0.000 692 693 1 0.000  
45 1.808 1.808 0.000 692 693 1 0.000  
90 1.481 1.481 0.000 692 693 1 0.000  
135 1.387 1.387 0.000 692 693 1 0.000  
180 1.355 1.355 0.000 692 693 1 0.000  
 
 
 
Velocity Calculation for fig 4017       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.747 1.747 0.000 693 694 1 0.000  
45 1.808 1.808 0.000 693 694 1 0.000  
90 1.481 1.481 0.000 693 694 1 0.000  
135 1.387 1.387 0.000 693 694 1 0.000  
180 1.355 1.355 0.000 693 694 1 0.000  
225 1.325 1.325 0.000 693 694 1 0.000  
270 1.620 1.620 0.000 693 694 1 0.000  
315 1.790 1.790 0.000 693 694 1 0.000  
         
Velocity Calculation for for fig 40       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.747 1.747 0.000 694 695 1 0.000  
45 1.808 1.808 0.000 694 695 1 0.000  
90 1.481 1.481 0.000 694 695 1 0.000  
135 1.387 1.387 0.000 694 695 1 0.000  
180 1.355 1.355 0.000 694 695 1 0.000  
225 1.325 1.325 0.000 694 695 1 0.000  
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270 1.620 1.620 0.000 694 695 1 0.000  
315 1.790 1.790 0.000 694 695 1 0.000  
         
Velocity Calculation for fig 4100       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.747 1.747 0.000 695 696 1 0.000  
45 1.808 1.808 0.000 695 696 1 0.000  
90 1.481 1.481 0.000 695 696 1 0.000  
135 1.387 1.387 0.000 695 696 1 0.000  
180 1.355 1.355 0.000 695 696 1 0.000  
225 1.325 1.325 0.000 695 696 1 0.000  
270 1.620 1.620 0.000 695 696 1 0.000  
315 1.790 1.790 0.000 695 696 1 0.000  
         
 
 
 
Velocity Calculation for fig 4120      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
270 1.620 1.620 0.000 696 697 1 0.000 
315 1.790 1.790 0.000 696 697 1 0.000  
        
elocity Calculation for fig 4141       
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.747    0 
45 1.808 
135 1.387 
        
elocity Calculation for fig 61 
(mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.747    0 
45 1.808 
135 1.387 
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.747 1.747 0.000 696 697 1 0.000  
45 1.808 1.808 0.000 696 697 1 0.000  
90 1.481 1.481 0.000 696 697 1 0.000  
135 1.387 1.387 0.000 696 697 1 0.000  
180 1.355 1.355 0.000 696 697 1 0.000  
225 1.325 1.325 0.000 696 697 1 0.000  
 
 
V
Angle deg Ro R (m to (s (m
1.747 0.000 697 698 1 0.00  
1.808 0.000 697 698 1 0.000  
90 1.481 1.481 0.000 697 698 1 0.000  
1.387 0.000 697 698 1 0.000  
180 1.355 1.355 0.000 697 698 1 0.000  
225 1.325 1.325 0.000 697 698 1 0.000  
270 1.620 1.620 0.000 697 698 1 0.000  
315 1.790 1.790 0.000 697 698 1 0.000  
 
V  41       
Angle deg Ro R (m to (s (m
1.747 0.000 698 699 1 0.00  
1.808 0.000 698 699 1 0.000  
90 1.481 1.481 0.000 698 699 1 0.000  
1.387 0.000 698 699 1 0.000  
180 1.355 1.355 0.000 698 699 1 0.000  
225 1.325 1.325 0.000 698 699 1 0.000  
270 1.620 1.620 0.000 698 699 1 0.000  
315 1.790 1.808 0.018 698 699 1 0.018  
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Velocity Calculation for fig 4182       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.747 1.747 0.000 699 700 1 0.000  
45 1.808 1.808 0.000 699 700 1 0.000  
90 1.481 1.481 0.000 699 700 1 0.000  
135 1.387 1.387 0.000 699 700 1 0.000  
180 1.355 1.355 0.000 699 700 1 0.000  
225 1.325 1.325 0.000 699 700 1 0.000  
270 1.620 1.620 0.000 699 700 1 0.000  
315 1.808 1.808 0.000 699 700 1 0.000  
         
 
 
 
 
Velocity Calculation for fig 4202      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
270 1.620 1.620 0.000 700 701 1 0.000 
315 1.808 1.808 0.000 700 701 1 0.000  
 
 
 
 
 
 
 
 
 
 
 
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.747 1.747 0.000 700 701 1 0.000  
45 1.808 1.808 0.000 700 701 1 0.000  
90 1.481 1.481 0.000 700 701 1 0.000  
135 1.387 1.387 0.000 700 701 1 0.000  
180 
225 1.325 
1.355 1.355 
1.325 
0.000 
0.000 
700 
700 
701 
701 
1 
1 
0.000 
0.000 
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 Appendix C: Data for Velocity graphs (1/4 flux coverage case) 
     phs f a in ion 4.3 elocity graphs) 
        
Legend        
eng    
  = Final Length  ength in mm
 ("d " indicates finite differenc  ents Delta  
 Time Time in sec     
t  = Final Time Time in      
dt = Change in Time in sec      
V  = Velocity; Ch e in leng an ime in sec   
        
        
Velocity Calculation for fig 13950      
Angle deg Ro (m R (m dx=R-R to (s t (sec dt=t-to V=dx/dt /sec) 
45 0.940 1.002 0.063 637 638 1 0.063 
90 0.943 0.968 0.025 637 638 1 0.025  
135 0.958 0.967 0.009 637 638 1 0.009  
0.937 1.000 0.063 637 638 1 0.063 
225 0.949    6 
270 0.949 
315 0.940 
        
Velocity Calculation for fig 13970      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
135 0.967 1.038 0.072 638 639 1 0.072 
1.000 1.025 0.025 638 639 1 0.025 
225 0.985    3 
270 0.962 
315 0.967 
        
Velocity Calculation for fig 13990      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
135 1.038 1.168 0.130 639 640 1 0.130 
.025 1.152 0.127 639 640 1 0.127 
225 1.047    3 
270 1.006 
315 0.994 
        
Velocity Calculation for fig 14011      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
 
   (Gra or dat Sect .3 V  
 
 
Ro = Intial L
R
th  Length in mm 
L
 
 
 
 
 
     
dx = Change in Length in mm e increm )  
to = Intial   
 sec  
 
ang th/ch ge in t  mm/  
 
 
 
m) m) 
0.968 
o 
0.025 
ec) 
637 
) 
638 
(mm
0 0.943 1 0.025  
 
180  
0.985 0.036 637 638 1 0.03  
0.962 0.013 637 638 1 0.013  
0.967 0.027 637 638 1 0.027  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 0.968 0.994 0.025 638 639 1 0.025  
45 1.002 1.025 0.022 638 639 1 0.022  
90 0.968 1.044 0.076 638 639 1 0.076  
 
180  
1.047 0.063 638 639 1 0.06  
1.006 0.044 638 639 1 0.044  
0.994 0.027 638 639 1 0.027  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 0.994 1.057 0.063 639 640 1 0.063  
45 1.025 1.146 0.121 639 640 1 0.121  
90 1.044 1.171 0.127 639 640 1 0.127  
 
180 1  
1.110 0.063 639 640 1 0.06  
1.057 0.051 639 640 1 0.051  
1.061 0.067 639 640 1 0.067  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.057 1.089 0.032 640 641 1 0.032  
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45 1.146 1.186 0.040 640 641 1 0.040  
90 1.171 1.310 0.139 640 641 1 0.139  
135 1.168 1.325 0.157 640 641 1 0.157 
1.152 1.291 0.139 640 641 1 0.139 
225 1.110    2 
270 1.057 
315 1.061 
        
Velocity Calculation for fig 14018      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
135 1.325 1.361 0.036 641 642 1 0.036 
180 1.291 1.323 0.032 641 642 1 0.032  
225 1.222 1.231 0.009 641 642 1 0.009  
1.146 1.177 0.032 641 642 1 0.032 
315 1.128    4 
        
Velocity Calculation for fig 14041      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
225 1.231 1.262 0.031 642 643 1 0.031 
1.177 1.272 0.095 642 643 1 0.095 
315 1.182    3 
        
Velocity Calculation for fig 14052      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
225 1.262 1.276 0.013 643 644 1 0.013 
1.272 1.291 0.019 643 644 1 0.019 
315 1.195    2 
        
 
 
 
 
Velocity Calculation for fig 14073      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
90 1.468 1.487 0.019 644 645 1 0.019  
135 1.508 1.508 0.000 644 645 1 0.000 
180 1.443 1.456 0.013 644 645 1 0.013 
 
180  
1.222 0.112 640 641 1 0.11  
1.146 0.089 640 641 1 0.089  
1.128 0.067 640 641 1 0.067  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.089 1.108 0.019 641 642 1 0.019  
45 1.186 1.213 0.027 641 642 1 0.027  
90 1.310 1.342 0.032 641 642 1 0.032  
 
270  
1.182 0.054 641 642 1 0.05  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.108 1.259 0.152 642 643 1 0.152  
45 1.213 1.253 0.040 642 643 1 0.040  
90 1.342 1.399 0.057 642 643 1 0.057  
135 1.361 1.428 0.067 642 643 1 0.067  
180 1.323 1.430 0.108 642 643 1 0.108  
 
270  
1.195 0.013 642 643 1 0.01  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.259 1.259 0.000 643 644 1 0.000  
45 1.253 1.253 0.000 643 644 1 0.000  
90 1.399 1.468 0.070 643 644 1 0.070  
135 1.428 1.508 0.081 643 644 1 0.081  
180 1.430 1.443 0.013 643 644 1 0.013  
 
270  
1.218 0.022 643 644 1 0.02  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.259 1.291 0.032 644 645 1 0.032  
45 1.253 1.325 0.072 644 645 1 0.072  
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225 1.276 1.307 0.031 644 645 1 0.031 
270 1.291    9 
315 1.218 
        
Velocity Calculation for fig 14093      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
180 1.456 1.456 0.000 645 646 1 0.000 
225 1.307 1.352 0.045 645 646 1 0.045  
270 1.310 1.310 0.000 645 646 1 0.000  
315 1.226 1.235 0.009 645 646 1 0.009  
 
lculation for fig 14    
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
315 1.235 1.258 0.022 646 647 1 0.022  
         
Velocity Calculation for fig 14133       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.291 1.310 0.019 647 648 1 0.019  
45 1.343 1.343 0.000 647 648 1 0.000  
90 1.538 1.538 0.000 647 648 1 0.000  
135 1.536 1.536 0.000 647 648 1 0.000  
180 1.456 1.456 0.000 647 648 1 0.000  
225 1.361 1.361 0.000 647 648 1 0.000  
270 1.342 1.342 0.000 647 648 1 0.000  
315 1.258 1.258 0.000 647 648 1 0.000  
         
 
 
 
Velocity Calculation for fig 14153       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.310 1.310 0.000 648 649 1 0.000  
45 1.343 1.343 0.000 648 649 1 0.000  
90 1.538 1.538 0.000 648 649 1 0.000  
135 1.536 1.536 0.000 648 649 1 0.000  
180 1.456 1.475 0.019 648 649 1 0.019  
225 1.361 1.365 0.004 648 649 1 0.004  
270 1.342 1.348 0.006 648 649 1 0.006  
315 1.258 1.258 0.000 648 649 1 0.000  
         
 
1.310 0.019 644 645 1 0.01  
1.226 0.009 644 645 1 0.009  
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.291 1.291 0.000 645 646 1 0.000  
45 1.325 1.325 0.000 645 646 1 0.000  
90 1.487 1.538 0.051 645 646 1 0.051  
135 1.508 1.536 0.027 645 646 1 0.027  
 
        
Velocity Ca 113    
m)  (mm) R-Ro ec) c) x/dt (m
0 1.291 1.291 0.000 646 647 1 0.000  
45 1.325 1.343 0.018 646 647 1 0.018  
90 1.538 1.538 0.000 646 647 1 0.000  
135 1.536 1.536 0.000 646 647 1 0.000  
180 1.456 1.456 0.000 646 647 1 0.000  
225 1.352 1.361 0.009 646 647 1 0.009  
270 1.310 1.342 0.032 646 647 1 0.032  
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Velocity Calculation for fig 173 
ngle deg sec) 
0 
45 1.343 0.000 
90 1.538 1.551 0.013 649 650 1 0.013 
1.548 0.013 649 650 1 0.013 
1.487 0.013 649 650 1 0.013 
1.365  
1.348 
315 1.258 1.258 0.000 649 650 1 0.000 
 
ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.323 1.323 0.000 650 651 1 0.000 
1.343 0.000 650 651 1 0.000 
1 
135 1.548 
180 1.487 
225 1.365 
        
Velocity Calculation for fig 14213      
Angle deg Ro (m R (m dx=R-R to (s t (sec dt=t-to V=dx/dt /sec) 
1.343 0.000 651 652 1 0.000 
1 
135 1.575 
180 1.500 
225 1.369 
        
 
 
 
elocity Calculation for fig 233 
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.323    0 
45 1.343 
135 1.575 
        
elocity Calculation for fig 254 
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.323    0 
45 1.343 
 14       
A Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/
1.310 0.013 1.323 0.013 649 650 1 
1.343 0.000 649 650 1 
 
 
 
135 
0 
1.536  
18 1.475 
65 
 
225 1.3
270 1.348 
0.000 649 650 1 0.000
0.000 649 650 1 0.000 
 
 
 
     
   
   
Velocity Calculation for fig 14193   
ngle deg Ro (mm)  (mm) dx=R-Ro 
 
A R to (s (m
 
45 1.343 
90 1.551 
 
1.557 0.006 650 651 0.006  
1.575 0.027 650 651 1 0.027  
1.500 0.013 650 651 1 0.013  
1.369 0.004 650 651 1 0.004  
270 1.348 1.354 0.006 650 651 1 0.006  
315 1.258 1.258 0.000 650 651 1 0.000  
 
 
m) m) 
1.323 
o 
0.000 
ec) 
651 
) 
652 
(mm
0 1.323 1 0.000  
45 1.343 
90 1.557 
 
1.557 0.000 651 652 0.000  
1.575 0.000 651 652 1 0.000  
1.500 0.000 651 652 1 0.000  
1.369 0.000 651 652 1 0.000  
270 1.354 1.354 0.000 651 652 1 0.000  
315 1.258 1.284 0.027 651 652 1 0.027  
 
 
V  14       
Angle deg Ro (m R (m to (s (m
1.323 0.000 652 653 1 0.00  
1.343 0.000 652 653 1 0.000  
90 1.557 1.557 0.000 652 653 1 0.000  
1.580 0.004 652 653 1 0.004  
180 1.500 1.500 0.000 652 653 1 0.000  
225 1.369 1.369 0.000 652 653 1 0.000  
270 1.354 1.367 0.013 652 653 1 0.013  
315 1.284 1.289 0.004 652 653 1 0.004  
 
V  14       
Angle deg Ro (m R (m to (s (m
1.323 0.000 653 654 1 0.00  
1.343 0.000 653 654 1 0.000  
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90 1.557 1.557 0.000 653 654 1 0.000  
135 1.580 
        
elocity Calculation for fig 274 
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.323    3 
45 1.343 
135 1.589 
        
elocity Calculation for fig 295 
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.335    6 
45 1.366 
135 1.620 
        
ation for fig 14     
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
270 1.380 1.380 0.000 656 657 1 0.000 
315 1.307 1.307 0.000 656 657 1 0.000 
        
elocity Calculation for fig 14335       
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.411    0 
45 1.410 
135 1.638 
1.589 0.009 653 654 1 0.009  
180 1.500 1.557 0.057 653 654 1 0.057  
225 1.369 1.369 0.000 653 654 1 0.000  
270 1.367 1.380 0.013 653 654 1 0.013  
315 1.289 1.289 0.000 653 654 1 0.000  
 
V  14       
Angle deg Ro (m R (m to (s (m
1.335 0.013 654 655 1 0.01  
1.366 0.023 654 655 1 0.023  
90 1.557 1.557 0.000 654 655 1 0.000  
1.620 0.031 654 655 1 0.031  
180 1.557 1.557 0.000 654 655 1 0.000  
225 1.369 1.378 0.009 654 655 1 0.009  
270 1.380 1.380 0.000 654 655 1 0.000  
315 1.289 1.307 0.018 654 655 1 0.018  
 
V  14       
Angle deg Ro (m R (m to (s (m
1.411 0.076 655 656 1 0.07  
1.410 0.044 655 656 1 0.044  
90 1.557 1.557 0.000 655 656 1 0.000  
1.620 0.000 655 656 1 0.000  
180 1.557 1.557 0.000 655 656 1 0.000  
225 1.378 1.405 0.027 655 656 1 0.027  
270 1.380 1.380 0.000 655 656 1 0.000  
315 1.307 1.307 0.000 655 656 1 0.000  
 
 
 
 
 
Velocity Calcul 315   
m)  (mm) R-Ro ec) c) x/dt (m
0 1.411 1.411 0.000 656 657 1 0.000  
45 1.410 1.410 0.000 656 657 1 0.000  
90 1.557 1.557 0.000 656 657 1 0.000  
135 1.620 1.638 0.018 656 657 1 0.018  
180 1.557 1.557 0.000 656 657 1 0.000  
225 1.405 1.428 0.023 656 657 1 0.023  
 
 
 
V
Angle deg Ro (m R (m to (s (m
1.411 0.000 657 658 1 0.00  
1.414 0.004 657 658 1 0.004  
90 1.557 1.557 0.000 657 658 1 0.000  
1.638 0.000 657 658 1 0.000  
180 1.557 1.557 0.000 657 658 1 0.000  
225 1.428 1.428 0.000 657 658 1 0.000  
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270 1.380 1.399 0.019 657 658 1 0.019  
315 1.307 1.316 0.009 657 658 1 0.009  
        
elocity Calculation for fig 355 
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.411    6 
45 1.414 
135 1.638 
        
elocity Calculation for fig 376 
m) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0 1.418    6 
45 1.414 
135 1.687 
        
ation for fig 14     
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
270 1.399 1.399 0.000 660 661 1 0.000 
315 1.334 1.338 0.005 660 661 1 0.005 
        
 
V  14       
Angle deg Ro (m R (m to (s (m
1.418 0.006 658 659 1 0.00  
1.414 0.000 658 659 1 0.000  
90 1.557 1.557 0.000 658 659 1 0.000  
1.687 0.049 658 659 1 0.049  
180 1.557 1.557 0.000 658 659 1 0.000  
225 1.428 1.428 0.000 658 659 1 0.000  
270 1.399 1.399 0.000 658 659 1 0.000  
315 1.316 1.334 0.018 658 659 1 0.018  
 
V  14       
Angle deg Ro (m R (m to (s (m
1.424 0.006 659 660 1 0.00  
1.414 0.000 659 660 1 0.000  
90 1.557 1.557 0.000 659 660 1 0.000  
1.687 0.000 659 660 1 0.000  
180 1.557 1.557 0.000 659 660 1 0.000  
225 1.428 1.432 0.004 659 660 1 0.004  
270 1.399 1.399 0.000 659 660 1 0.000  
315 1.334 1.334 0.000 659 660 1 0.000  
 
 
 
 
 
Velocity Calcul 397   
m)  (mm) R-Ro ec) c) x/dt (m
0 1.424 1.424 0.000 660 661 1 0.000  
45 1.414 1.414 0.000 660 661 1 0.000  
90 1.557 1.557 0.000 660 661 1 0.000  
135 1.687 1.687 0.000 660 661 1 0.000  
180 1.557 1.576 0.019 660 661 1 0.019  
225 1.432 1.437 0.004 660 661 1 0.004  
 
 
 
Velocity calculation for fig 14418       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.424 1.424 0.000 661 662 1 0.000  
45 1.414 1.419 0.005 661 662 1 0.005  
90 1.557 1.557 0.000 661 662 1 0.000  
135 1.687 1.687 0.000 661 662 1 0.000  
180 1.576 1.582 0.006 661 662 1 0.006  
225 1.437 1.437 0.000 661 662 1 0.000  
270 1.399 1.405 0.006 661 662 1 0.006  
315 1.338 1.343 0.004 661 662 1 0.004  
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Velocity Calculation for fig 14438       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.424 1.430 0.006 662 663 1 0.006  
45 1.419 1.419 0.000 662 663 1 0.000  
90 1.557 1.557 0.000 662 663 1 0.000  
135 1.687 1.687 0.000 662 663 1 0.000  
180 1.582 1.582 0.000 662 663 1 0.000  
225 1.437 1.446 0.009 662 663 1 0.009  
270 1.405 1.418 0.013 662 663 1 0.013  
315 1.343 1.347 0.005 662 663 1 0.005  
         
Velocity Calculation for fig 14458       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.430 1.430 0.000 663 664 1 0.000  
45 1.419 1.419 0.000 663 664 1 0.000  
90 1.557 1.557 0.000 663 664 1 0.000  
135 1.687 1.714 0.027 663 664 1 0.027  
180 1.582 1.595 0.013 663 664 1 0.013  
225 1.446 1.446 0.000 663 664 1 0.000  
270 1.418 1.418 0.000 663 664 1 0.000  
315 1.347 1.378 0.031 663 664 1 0.031  
         
 
 
 
 
Velocity Calculation for fig 14479      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
225 1.446 1.446 0.000 664 665 1 0.000 
270 1.418 1.418 0.000 664 665 1 0.000 
315 1.378 1.378 0.000 664 665 1 0.000  
        
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.430 1.430 0.000 664 665 1 0.000  
45 1.419 1.419 0.000 664 665 1 0.000  
90 1.557 1.557 0.000 664 665 1 0.000  
135 1.714 1.719 0.004 664 665 1 0.004  
180 1.595 1.608 0.013 664 665 1 0.013  
 
 
 
Velocity Calculation for fig 14500       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.430 1.430 0.000 665 666 1 0.000  
45 1.419 1.419 0.000 665 666 1 0.000  
90 1.557 1.557 0.000 665 666 1 0.000  
135 1.719 1.723 0.004 665 666 1 0.004  
180 1.608 1.627 0.019 665 666 1 0.019  
225 1.446 1.446 0.000 665 666 1 0.000  
270 1.418 1.418 0.000 665 666 1 0.000  
315 1.378 1.378 0.000 665 666 1 0.000  
         
Velocity Calculation for fig 14520       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.430 1.430 0.000 666 667 1 0.000  
45 1.419 1.419 0.000 666 667 1 0.000  
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90 1.557 1.557 0.000 666 667 1 0.000  
135 1.723 1.723 0.000 666 667 1 0.000  
180 1.627 1.633 0.006 666 667 1 0.006  
225 1.446 1.446 0.000 666 667 1 0.000  
270 1.418 1.418 0.000 666 667 1 0.000  
315 1.378 1.378 0.000 666 667 1 0.000  
         
Velocity Calculation for fig 14541       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.430 1.430 0.000 667 668 1 0.000  
45 1.419 1.419 0.000 667 668 1 0.000  
90 1.557 1.557 0.000 667 668 1 0.000  
135 1.723 1.737 0.014 667 668 1 0.014  
180 1.633 1.633 0.000 667 668 1 0.000  
225 1.446 1.446 0.000 667 668 1 0.000  
270 1.418 1.418 0.000 667 668 1 0.000  
315 1.378 1.378 0.000 667 668 1 0.000  
         
 
 
 
 
Velocity Calculation for fig 14561      
Angle deg Ro (m R dx= to (s t (se dt=t-to V=d m/sec) 
225 1.446 1.446 0.000 668 669 1 0.000 
270 1.418 1.418 0.000 668 669 1 0.000 
315 1.378 1.378 0.000 668 669 1 0.000  
        
 
 
 
 
 
 
m)  (mm) R-Ro ec) c) x/dt (m
0 1.430 1.430 0.000 668 669 1 0.000  
45 1.419 1.419 0.000 668 669 1 0.000  
90 1.557 1.557 0.000 668 669 1 0.000  
135 1.737 1.737 0.000 668 669 1 0.000  
180 1.633 1.633 0.000 668 669 1 0.000  
 
 
 
Velocity Calculation for fig 14582       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.430 1.430 0.000 669 670 1 0.000  
45 1.419 1.419 0.000 669 670 1 0.000  
90 1.557 1.557 0.000 669 670 1 0.000  
135 1.737 1.737 0.000 669 670 1 0.000  
180 1.633 1.633 0.000 669 670 1 0.000  
225 1.446 1.446 0.000 669 670 1 0.000  
270 1.418 1.418 0.000 669 670 1 0.000  
315 1.378 1.378 0.000 669 670 1 0.000  
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 Appe  D a fo city
    (Graphs for data in Section 4.4.3 Velocity graphs) 
 
     
Ro = Intial Length Length in mm      
R  = Final Length Length in mm      
dx = Change in L th in mm  ("d " indicates finite difference incre nts De
to = Intial Time Time in      
t  = Final Time Time in      
dt = Change in Time in sec      
V  = Velocity; Ch e in leng an ime in sec   
15 
1
1
15 
15 
1
1
15 
elocity Calculation for fig 3768       
ngle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0.892 0.911 0.019 730 739 9 0.002 
45 0.895    0 
90 0.905 
135 0.913 
180 0.899 
        
Velocity Calculation for fig 4029      
ngle deg Ro (mm) m) dx=R-Ro ec) t (sec) dt=t-to V=dx/dt m/sec) 
0.911 0.911 0.000 739 752 13 0.000 
45 0.895    0 
90 0.905 1
135 0.913 1
180 0.924 1
1
1
1
 
 
 
ndix : Dat  Velo  graphs (No flux coverage case) 
     
        
Legend    
   
   
eng  me lta)  
 sec  
 sec  
 
ang th/ch ge in t  mm/  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Velocity Calculation for fig 3587       
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 0.892 
45 
0.892 
0.895 
0.000 
0.000 
715 
715 
730 
730 
0.000 
0.000 
 
 0.895 5 
90 0.899 0.905 0.006 715 730 5 0.000  
135 0.895 0.913 0.018 715 730 0.001  
180 0.899 
225 
0.899 
0.913 
0.000 
0.018 
715 
715 
730 
730 
0.000 
0.001 
 
 0.895 5 
270 0.892 0.892 0.000 715 730 5 0.000  
315 0.904 0.904 0.000 715 730 0.000  
         
V
A
0  
0.895 0.000 730 739 9 0.00  
0.905 0.000 730 739 9 0.000  
0.913 0.000 730 739 9 0.000  
0.924 0.025 730 739 9 0.003  
225 0.913 0.913 0.000 730 739 9 0.000  
270 0.892 0.924 0.032 730 739 9 0.004  
315 0.904 0.922 0.018 730 739 9 0.002  
 
 
A R (m to (s (m
0  
0.895 0.000 739 752 13 0.00  
0.905 0.000 739 752 3 0.000  
0.913 0.000 739 752 3 0.000  
0.924 0.000 739 752 3 0.000  
225 0.913 0.913 0.000 739 752 3 0.000  
270 0.924 0.924 0.000 739 752 3 0.000  
315 0.922 0.922 0.000 739 752 3 0.000  
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    Appendix E    
 
   
  ra ta in Section 6.1 R vs cases) 
   
         
Time 0  0 5 80 25 70 
1 0.899 0.886 0.892 00 .899 .902 .892 
2 0.899 0.891 0.892 94 .171 .226 .259 
3 1.127 0.895 1.057 1.240 1.348 1.383 1. 6 1.26
1.12  1.272 1.387 1.373 1.441 1. 1 1.34
5 1.3 .18 .3 .42 .44 1.4 1.46 .49
6 1.310 1.186 1.361 86 .468 .553 .494 
7 1.323 1.186 1.411 71 .538 .580 .500 
8 1.329 1.188 1.411 98 .557 .602 .519 
9 1.354 1.190 1.437 16 .570 .629 .544 
10 1.367 1.249 1.481 16 .576 .634 .544 
11 1.367 1.280 1.481 16 .582 .656 .544 
12 1.367 1.289 1.487 29 .601 .660 .544 
13 1.380 1.298 1.494 56 .614 .660 .544 
14 1.392 1.338 1.500 1.669 1.639 1.683 1. 4 1.62
15 1.411 1.343 1.532 1.669 1.639 1.683 1.544 1.620
16 1.411 1.343 1.532 1.683 1.652 1.701 1.544 1.620
17 1.411 1.343 1.532 1.683 1.658 1.701 1.544 1.634
1.37  1.532 1.688 1.677 1.701 1. 4 1.63
19 1.4 .37 .5 .69 .68 1.7 1.54 .63
20 1.411 1.392 1.538 19 .684 .701 .544 
21 1.411 1.392 1.544 23 .696 .705 .544 
22 1.475 1.410 1.544 23 .696 .710 .544 
23 1.475 1.432 1.551 23 .696 .710 .544 
24 1.475 1.441 1.557 23 .715 .723 .544 
25 1.475 1.441 1.557 28 .715 .728 .544 
26 1.475 1.454 1.570 28 .734 .728 .544 
         
 
 
 
 
 
 
 
        
E (I).  R vs. t data for Full flux coverage case 
       (G phs for da . t for all 3  
      
45 9 13 1 2 2 315 
0.9 0 0 0 0.904
0.9 1 1 1 1.034
38 2
4 1.310 8 41 3
10 1 6 1 23 1 3 1 3 81 2 1 5
1.4 1 1 1 1.522
1.5 1 1 1 1.526
1.5 1 1 1 1.598
1.6 1 1 1 1.598
1.6 1 1 1 1.601
1.6 1 1 1 1.602
1.6 1 1 1 1.603
1.6 1 1 1 1.611
54 0
18 1.411 4 54 4
11 1 4 1 38 1 2 1 4 01 4 1 4
1.7 1 1 1 1.642
1.7 1 1 1 1.642
1.7 1 1 1 1.642
1.7 1 1 1 1.642
1.7 1 1 1 1.643
1.7 1 1 1 1.651
1.7 1 1 1 1.651
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  . vs. t for H  flux erage se 
  (Gr  for da ecti .1 R v or all 3 c es) 
   
         
Time 0  0 5 8  2  7  
1 0.987 0.949 0.911 0.976 1.000 0.976 1. 3 0.95
1.01 .01 1.011 1. .05
3 1.1 9 .0 04 .01 .0 .12 1
4 1.266 1.164 1.076 74 .074 .063 .190 
5 1.291 1.334 1.215 46 .139 .063 .279 
6 1.405 1.423 1.278 55 .165 .092 .329 
7 1.456 1.522 1.380 17 .203 .137 .354 
8 1.506 1.566 1.418 17 .241 .146 .380 
9 1.620 1.629 1.443 89 .241 .164 .380 
10 1.620 1.629 1.468 89 .266 .164 .392 
11 1.620 1.629 1.468 25 .266 .164 .418 
12 1.683 1.665 1.468 1.343 1.278 1.181 1. 0 1.62
13 1.683 1.665 1.468 1.343 1.278 1.199 1.430 1.638
14 1.684 1.719 1.468 1.343 1.317 1.199 1.430 1.665
1.71  1.468 1.343 1.317 1.218 1. 3 1.66
16 1.6 .71 .4 .34 .31 1.2 1.45 .66
17 1.696 1.754 1.481 43 .317 .235 .456 
18 1.696 1.754 1.481 43 .317 .235 .456 
19 1.696 1.772 1.481 43 .317 .235 .456 
20 1.696 1.772 1.481 43 .317 .253 .468 
21 1.696 1.772 1.481 43 .317 .253 .468 
22 1.696 1.781 1.481 70 .317 .253 .468 
23 1.696 1.781 1.481 70 .317 .253 .468 
24 1.696 1.781 1.481 70 .317 .262 .481 
25 1.696 1.790 1.481 1.370 1.317 1.262 1. 1 1.75
1.79  1.481 1.370 1.342 1.262 1. 1 1.75
27 1.7 .80 .4 .37 .34 1.2 1.48 .75
28 1.722 1.808 1.481 87 .342 .289 .506 
29 1.722 1.808 1.481 87 .342 .325 .506 
30 1.747 1.808 1.481 87 .342 .325 .532 
31 1.747 1.808 1.481 87 .355 .325 .582 
32 1.747 1.808 1.481 87 .355 .325 .620 
33 1.747 1.808 1.481 87 .355 .325 .620 
34 1.747 1.808 1.481 87 .355 .325 .620 
35 1.747 1.808 1.481 87 .355 .325 .620 
36 1.747 1.808 1.481 1.387 1.355 1.325 1.620 1.790
37 1.747 1.808 1.481 1.387 1.355 1.325 1.620 1.790
38 1.747 1.808 1.481 1.387 1.355 1.325 1.620 1.808
39 1.747 1.808 1.481 1.387 1.355 1.325 1.620 1.808
40 1.747 1.808 1.481 1.387 1.355 1.325 1.620 1.808
E (II)  R data alf cov ca  
         aphs ta in S on 6 s. t f as  
      
45 9  13  1 0 2 5 2 0
01
315 
8
2 1.013 2 1
2 1
3 1.029
13 1
1.013
7 1
076 1
7 1
6
27 1.0 .
1.0
3 1
1
11 1
1
.1
1.28
9
1 9
1.1 1 1 1 1.406
1.1 1 1 1 1.522
1.2 1 1 1 1.566
1.2 1 1 1 1.584
1.2 1 1 1 1.611
1.2 1 1 1 1.629
1.3 1 1 1 1.629
43 9
15 1.684 9 44 5
84 1 9 1 81 1 3 1 7 18 6 1 5
1.3 1 1 1 1.683
1.3 1 1 1 1.701
1.3 1 1 1 1.701
1.3 1 1 1 1.728
1.3 1 1 1 1.728
1.3 1 1 1 1.736
1.3 1 1 1 1.736
1.3 1 1 1 1.754
48 4
26 1.696 0 48 4
22 1 8 1 81 1 0 1 2 71 1 1 4
1.3 1 1 1 1.754
1.3 1 1 1 1.754
1.3 1 1 1 1.790
1.3 1 1 1 1.790
1.3 1 1 1 1.790
1.3 1 1 1 1.790
1.3 1 1 1 1.790
1.3 1 1 1 1.790
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           (  
         
90 135 180 225 270 315 
 0. 8 0.967 1.000 0.988 0. 2 0.96
1.025 1. 9
 46 1. 1 1.168 1.152 1.110 1. 7 1.06
1.325 1.291 1.222 1. 6 1.12
1.213 1. 2 1.361 1.323 1.231 1. 7 1.18
1.430 1.262 1. 2 1.19
7 1.259 1.253 1.468 1.508 1.443 1.276 1. 1 1.21
8 1.291 1.325 1.487 1.508 1.456 1.307 1. 0 1.22
1.32  1.538 1.536 1.456 1.352 1. 0 1.23
10 1.2 .34 .5 .53 .45 1.3 1.34 .25
11 1.310 1.343 1.538 36 .456 .361 .342 
12 1.310 1.343 1.538 36 .475 .365 .348 
13 1.323 1.343 1.551 48 .487 .365 .348 
14 1.323 1.343 1.557 75 .500 .369 .354 
15 1.323 1.343 1.557 75 .500 .369 .354 
16 1.323 1.343 1.557 80 .500 .369 .367 
17 1.323 1.343 1.557 89 .557 .369 .380 
18 1.335 1.366 1.557 20 .557 .378 .380 
19 1.411 1.410 1.557 1.620 1.557 1.405 1. 0 1.30
1.41  1.557 1.638 1.557 1.428 1. 0 1.30
21 1.4 .41 .5 .63 .55 1.4 1.39 .31
22 1.418 1.414 1.557 87 .557 .428 .399 
23 1.424 1.414 1.557 87 .557 .432 .399 
24 1.424 1.414 1.557 87 .576 .437 .399 
25 1.424 1.419 1.557 87 .582 .437 .405 
26 1.430 1.419 1.557 87 .582 .446 .418 
27 1.430 1.419 1.557 14 .595 .446 .418 
28 1.430 1.419 1.557 19 .608 .446 .418 
29 1.430 1.419 1.557 23 .627 .446 .418 
30 1.430 1.419 1.557 1.723 1.633 1.446 1. 8 1.37
1.41  1.557 1.737 1.633 1.446 1. 8 1.37
32 1.4 .41 .5 .73 .63 1.4 1.41 .37
33 1.430 1.419 1.557 37 .633 .446 .418 
 
 
 
 
 
E (III).  R vs. t data for Quarter flux coverage case 
Graphs for data in Section 6.1 R vs. t for all 3 cases) 
         
Time 0 45 
1 0.968 1.002 96 96 7
2 0.994 044 1.038 1.025 1.047 1.006 0.9 4
3 1.057 1.1 17 05 1
4 1.089 1.186 1.310 14 8
5 1.108 34 17 2
6 1.259 1.253 1.399 1.428 27 5
29 8
31 6
9 1.291 5 31 5
91 1 3 1 38 1 6 1 6 61 2 1 8
1.5 1 1 1 1.258
1.5 1 1 1 1.258
1.5 1 1 1 1.258
1.5 1 1 1 1.258
1.5 1 1 1 1.284
1.5 1 1 1 1.289
1.5 1 1 1 1.289
1.6 1 1 1 1.307
38 7
20 1.411 0 38 7
11 1 4 1 57 1 8 1 7 28 9 1 6
1.6 1 1 1 1.334
1.6 1 1 1 1.334
1.6 1 1 1 1.338
1.6 1 1 1 1.343
1.6 1 1 1 1.347
1.7 1 1 1 1.378
1.7 1 1 1 1.378
1.7 1 1 1 1.378
41 8
31 1.430 9 41 8
30 1 9 1 57 1 7 1 3 46 8 1 8
1.7 1 1 1 1.378
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egend        
o = Intia ength        
R  = Final Length  L h in m       
dx = C nge gth  ("d ates  diff  inc s D  
to = In l Tim ime   
t  = Fin Tim ime   
dt = Change e in  
V  = Velocity ge h/c  in time in mm  
   
   
Velocity lcul fig 1   
Angle d m R (m dx=R to ( t (s dt=t V= (mm/sec) 
1 1  
1 1  
1 1  
1 1  
   
   
   
   
   
Velocit lcul fig 1   
Angle m R (m dx=R to ( t (s dt=t V= (mm/sec) 
1 1  
1 1  
1 1  
1 1  
   
   
        
        
        
y Calculation for fig 12654      
ngle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0 1.551 1.639 0.089 560 570 10 0.009  
45 1.808 1.898 0.090 560 570 10 0.009  
270 1.285 1.468 0.184 560 570 10 0.018  
315 1.472 1.522 0.049 560 570 10 0.005  
        
        
 
         
        
        
 Appendix F: Flux front Velocity calculation  
               (For 1/4 flux coverage)  
       
L  
R l L Length in mm 
engt m 
ha  in Len  in mm  " indic  finite erence rement elta) 
tia e T  in sec      
al e T  in sec      
 in Tim  sec      
; Chan in lengt hange /sec   
      
      
 Ca ation for 2253    
eg Ro ( m) m) -Ro sec) ec) -to dx/dt 
0 .405 .525 0.120 540 550 10 0.012 
45 .656 .772 0.116 540 550 10 0.012 
270 .108 .266 0.158 540 550 10 0.016 
315 .298 .450 0.152 540 550 10 0.015 
      
      
      
      
      
y Ca ation for 2454    
deg Ro ( m) m) -Ro sec) ec) -to dx/dt 
0 .525 .551 0.025 550 560 10 0.003 
45 .772 .808 0.036 550 560 10 0.004 
270 .266 .285 0.019 550 560 10 0.002 
315 .450 .472 0.022 550 560 10 0.002 
      
      
 
 
 
Velocit
A
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Velocity Calculation for fig 12853      
ngle deg R R =dx/dt (mm/sec) 
0 0.017  
45 1.898 1.969 0.072 570 580 10 0.007  
90 1.468 1.658 0.190 570 580 10 0.019  
 1 1  3  
   
   
   
   
   
Velocity lcul fig 1   
Angle d m R (m dx=R to ( t (s dt=t V= (mm/sec) 
1 2  
1 2  
1 1  
1 2  
 
 
  
 pp  G x f Vel  ca ion  
     hin  of  wi  foi  
  
Lege  
Ro = Intial 
Leng eng m  
R  = Final 
Leng eng m  
dx = nge gth  ("d ates  diff  inc s D  
to = I l Tim ime   
t  = F Tim ime   
dt = Change e in  
V  = Velocity ge h/c  in time in mm  
   
   
Velocit lcul fig 1   
Angle m R (m dx=R to ( t (s dt=t V= (mm/sec) 
1 1  
0 1  
1 1  
   
   
   
 
 
        
        
        
A o (mm)  (mm) dx=R-Ro to (sec) t (sec) dt=t-to V
1.639 1.810 0.171 570 580 10 
135 .522 .853 0.331 570 580 10 0.03
      
      
      
      
      
 Ca ation for 3053    
eg Ro ( m) m) -Ro sec) ec) -to dx/dt 
0 .810 .120 0.310 580 590 10 0.031 
45 .969 .130 0.161 580 590 10 0.016 
90 .658 .690 0.032 580 590 10 0.003 
135 .853 .345 0.492 580 590 10 0.049 
       
A endix : Flu ront ocity lculat    
       (T  strip  flux th Al l)   
       
nd        
th  L th in m      
th  L th in m      
Cha  in Len  in mm  " indic  finite erence rement elta) 
ntia e T  in sec      
inal e T  in sec      
 in Tim  sec      
; Chan in lengt hange /sec   
      
      
y Ca ation for 874    
deg Ro (
135 
m) 
.378 
m) 
.736 
-Ro 
0.358 
sec) 
70 
ec) 
75 
-to 
5 
dx/dt 
0.072 
180 .918 .133 0.215 70 75 5 0.043 
225 .137 .548 0.412 70 75 5 0.082 
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Velocity Calculation for fig 2001      
ngle deg R R x/dt (mm/sec) 
135 0.050  
180 1.133 1.278 0.146 75 80 5 0.029  
225 1.548 1.790 0.242 75 80 5 0.048  
        
   
   
   
   
   
Velocity lcul fig 2   
Angle d m R (m dx=R to ( t (s dt=t V= (mm/sec) 
1 2  
1 1  
1 1  
   
   
   
   
   
   
Velocit lcul fig 2   
Angle m R (m dx=R to ( t (s dt=t V= (mm/sec) 
2 2  
1 1  
1 2  
   
   
   
   
   
   
Velocit lcul fig 2   
Angle m R (m dx=R to ( t (s dt=t V= (mm/sec) 
2 2  
1 2 0.058228  
2 2 0.011637  
 
A o (mm)  (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=d
1.736 1.987 0.251 75 80 5 
 
      
      
      
      
      
 Ca ation for 126    
eg Ro ( m) m) -Ro sec) ec) -to dx/dt 
135 .987 .153 0.166 80 85 5 0.033 
180 .278 .443 0.165 80 85 5 0.033 
225 .790 .790 0.000 80 85 5 0.000 
      
      
      
      
      
      
y Ca ation for 251    
deg Ro ( m) m) -Ro sec) ec) -to dx/dt 
135 .153 .354 0.201 85 90 5 0.040 
180 .443 .937 0.494 85 90 5 0.099 
225 .790 .166 0.376 85 90 5 0.075 
      
      
      
      
      
      
y Ca ation for 376    
deg Ro ( m) m) -Ro sec) ec) -to dx/dt 
135 .354 .354 0.000 90 95 5 0 
180 .937 .228 0.291 90 95 5 
225 .166 .224 0.058 90 95 5 
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 foi    
 
 
 
 
135 1.244 1.705 
180 0.899 1.158 
135 1.705 1.889 
180 1.158 1.456 
135 1.889 1.987 
180 1.456 1.671 
        
        
         
 
 Appendix H: Flux front Velocity calculation  
         (For 1/4 flux coverage with Al l)
        
Legend        
Ro = Intial Length  Length in mm      
R  = Final Length  Length in mm      
dx = Change in Length in mm  ("d " indicates finite difference increments Delta)  
to = Intial Time Time in sec       
t  = Final Time Time in sec       
dt = Change in Time in sec       
V  = Velocity; Change in length/change in time in mm/sec    
         
         
Velocity Calculation for fig 2001      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0.461 75 80 5 0.092  
0.259 75 80 5 0.052  
225 0.967 1.235 0.269 75 80 5 0.054  
270 0.766 1.000 0.234 75 80 5 0.047  
         
         
         
         
         
Velocity Calculation for fig 2126      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0.183 80 85 5 0.037  
0.297 80 85 5 0.059  
225 1.235 1.441 0.206 80 85 5 0.041  
270 1.000 1.323 0.323 80 85 5 0.065  
         
         
         
         
         
Velocity Calculation for fig 2251      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
0.098 85 90 5 0.020  
0.215 85 90 5 0.043  
225 1.441 1.634 0.192 85 90 5 0.038  
270 1.323 1.405 0.082 85 90 5 0.016  
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Velocity Calculation for fig 2376      
Angle deg Ro (mm) R (mm) dx=R-Ro to (sec) t (sec) dt=t-to V=dx/dt (mm/sec) 
135 1.987 2.050 
180 1.671 1.677 
225 1.634 1.898 
 
 
 
endix I: Material Comp sition 
Material Compsition for AA 4343 
Si Mn F g Cr Al 
0.063 90 95 5 0.013  
0.006 90 95 5 0.001  
0.264 90 95 5 0.053  
270 1.405 1.532 0.127 90 95 5 0.025  
App  o
 
e Cu M
8.32% 0.03% 0.23% 0.01% 0.04% 0.003% Balance 
 
Mn Cu Al 
 
Material Composition for AA 3003 
1.2% 0.12% Balance  
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